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Preface 


In the last 20 years, treatment of the infertile 
patient has changed dramatically, and the 
whole field has evolved rapidly, motivating 
healthcare professionals to continue their train- 
ing and education. Although initially described 
for tubal infertility, in vitro fertilization is now 
offered to a much wider spectrum of patients 
that are being treated in assisted reproductive 
technology units, including fertile couples who 
are carriers of genetic disorders and want to 
have a healthy child. Within this context, genet- 
ics has advanced tremendously, and the devel- 
opment of new technologies has helped us 
better understand various medical conditions 
and offer targeted medical treatment options. 

This book aims to present the recent genetic 
advances and developments that can help us 
(physicians and scientists committed to infertil- 
ity treatment) improve the care of our patients. 

The first part of the book covers the essen- 
tials of genetics for clinicians, establishing 
the basic understanding of cytogenetics and 
genetic causes of diseases, including epigenetic 
regulations. New developments in molecular 


biology are explained so healthcare providers 
can understand what these technologies can do 
for their patients and become aware of their 
limitations. 

The second part focuses on the relationship 
between genetics and reproductive diseases 
that may cause infertility, such as endometri- 
osis, polycystic ovary syndrome, mitochondrial 
diseases, premature ovarian insufficiency, and 
male factor. The concept of endometrial recep- 
tivity and new diagnostic approaches is also 
covered. 

The third part describes the different new 
genetic tests that can be offered, including pre- 
natal testing, expanded carrier tests, embryo 
biopsy and preimplantation genetic testing, 
and newer analysis of embryo viability without 
the need for a biopsy. Challenges in genetic 
counseling are also addressed, 

This book has put together a wonderful and 
well-respected group of authors from all across 
the globe, who are experts in their fields, and 
their contribution will help us provide better 
care to our patients. 
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PARTA 


Fundamentals Of Genetics 


© Jal Ay PW We IR 


I 


Basic genetics: mitosis, meiosis, 
chromosomes, DNA, RNA, and beyond 


Amanda N. Kallen 


Department of Obstetrics, Gynecology and Reproductive Sciences, Yale School of Medicine, 
New Haven, CT, United States 


Introduction 


[The human genome is] a history book: a narra- 
tive of the journey of our species through time. It’s a 
shop manual: an incredibly detailed blueprint for 
building every human cell. And it’s a transformative 
textbook of medicine: with insights that will give 
health care providers immense new powers to treat, 
prevent and cure disease. We are delighted by what 
we've already seen in these books. But we are also 
profoundly humbled by the privilege of turning the 
pages that describe the miracle of human life. 

Francis Collins, Remarks at the Press Conference 

Announcing Sequencing and Analysis of the Human 

Genome [1]. 


The human genome contains fundamental 
codes by which heritable information is stored, 
translated into functional data, and transmitted 
from one generation to the next. The completion 
of the Human Genome Project in 2001, an ambi- 
tious international undertaking which aimed 
to map all 3 billion nucleotides of the human 
genome, ushered in a new era in medicine [2]. 
Information gleaned from the Human Genome 
Project has been used to aid our understanding 
of how those genetic codes can be altered and 
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inherited (as in the case of disease-causing 
hereditary mutations), manipulated (for exam- 
ple, as biological targets for drug-delivery sys- 
tems), or utilized for diagnostic purposes (such 
as to allow for early detection of disease). To 
understand the enormous potential for advances 
in human health from this and other discover- 
ies, however, it is first necessary to under- 
stand the basic building blocks of the human 
genome. 


DNA, RNA, and protein 


Nucleic acids and DNA: the building blocks 


Nucleic acids are the building blocks of living 
organisms. There are two types of nucleic acids: 
deoxyribonucleic acid (DNA) and ribonucleic acid 
(RNA). The discovery of DNA as the “universal 
genetic material” came in 1953, when James 
Watson and Francis Crick first presented a three- 
dimensional, double helical model based on 
X-ray crystallography observations by Rosalind 
Franklin [3]. DNA provides the “blueprint” 
which allows for cellular production of proteins, 
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and its presence allows for the stable storage of 
heritable genetic information. 

A strand of DNA is composed of thousands 
of repeating pairs of nucleotides, each of which 
consists of a five-carbon pentose sugar (deoxyri- 
bose), a phosphate group, and a nitrogen base. 
The nitrogen bases are classified as single-ring 
pyrimidines (most commonly, cytosine C and 
thymine T) and double-ring purines (most com- 
monly, adenine A and guanine G). To achieve 
the characteristic double helix structure of DNA, 
complementary nitrogenous base pairs (A with 
T, and G with ©) are linked by hydrogen bonds; 
each nitrogenous base is also attached to an 
outer pentose sugar-phosphate backbone, with 
bases pointing inward toward each other in the 
chain. Nucleotides are linked by joining the 
phosphate group on the 5’ carbon of one nucleo- 
tide to the 3’ hydroxyl group of the next, with 
the complementary strand running from the 3’ 
to 5’ direction, conferring polarity to the DNA 
strand. Although the nitrogenous bases them- 
selves are hydrophobic molecules, the orienta- 
tion of the sugar-phosphate backbone results in 
a water-soluble structure [4]. The DNA double 
helix is also strongly acidic, with a high density 
of negative charges. 


Messenger RNA: the DNA— protein 
intermediary 


Genetic information contained in DNA is not 
converted directly to protein; rather, this process 
occurs through a single-stranded messenger 
RNA (mRNA) intermediary, which is synthe- 
sized from one of the two DNA strands in a 
double helix. Unlike DNA, RNA utilizes ribose 
as its pentose sugar, and contains the base uracil 
(U) instead of thymine. Thus, for RNA, A pairs 
with U, and G pairs with C. The process of 
RNA synthesis from a DNA template is referred 
to as transcription and is catalyzed by the 
enzyme RNA polymerase. After separation of the 
intertwined DNA strands, initiation of tran- 
scription by RNA polymerase begins on the 
template strand at a specific regulatory sequence 


of DNA known as a promoter. Recognition of the 
promoter requires the presence of transcription 
factors, which bind to and recognize the pro- 
moter, as well as proximal and/or distal DNA 
sequences known as enhancers, to regulate RNA 
polymerase activity. The presence of cell- and 
context-specific transcription factors and enhan- 
cers allows for cells to express a variety of genes 
under specific circumstances. Once transcription 
is initiated, addition of nucleotides continues 
in a 5’ to 3’ direction along the growing RNA 
molecule until a nucleotide termination signal is 
reached. The sequence of bases in the RNA mol- 
ecule is complementary to the DNA strand, 
except that uracil is substituted in place of thy- 
mine [5]. 

After transcription, the eukaryotic messen- 
ger RNA molecule contains a protein coding 
sequence, as well as an upstream 5’-untrans- 
lated region and a downstream 3’-untranslated 
region. This nascent mRNA molecule, known 
as the primary transcript, undergoes further pro- 
cessing prior to transport out of the nucleus, 
including addition of a 5’ cap (of GTP residues) 
and polyadenylation [or addition of a poly(A) 
tail], which is required for translation. Upon 
addition of the 5’ cap and the poly(A) tail, seg- 
ments of noncoding mRNA known as introns 
are spliced out; mRNA may be spliced in 
different ways (alternative splicing) to allow for 
a single DNA sequence to code for different 
proteins [5] (Fig. 1.1). 


Protein synthesis: translating the mRNA 
message into function 


The spliced mRNA then exits the nucleus 
via nuclear pores and enters the cytoplasm, 
where the genetic information contained in the 
nucleic acids of mRNA is further decoded into 
proteins in a process known as translation. 
Proteins are required for a vast array of cellular 
functions including enzymatic reactions, cellu- 
lar structure and shape, signaling and immune 
responses, and cell cycle function. Proteins are 
assembled from their own subunits, known as 
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Transcription is the process by which DNA is copied to 
mRNA, which carries the information needed for protein 
synthesis. During transcription, pre-messenger RNA is 
formed; the resultant messenger RNA is the reverse- 
complement of the original DNA sequence. During RNA 
spicing, the pre-messenger RNA is edited to produce the 
desired mRNA molecule. The mRNA formed in transcrip- 
tion is transported out of the nucleus, into the cytoplasm, 
to the ribosome, where protein synthesis (translation) 
occurs. 


amino acids. There are 20 amino acids but only 
four different nucleotide bases in mRNA; thus, 
mRNA bases encode proteins in groups of 
three (known as codons). Ribosomes (structures 
composed of ribosomal RNA and several pro- 
teins) bind and move along the mRNA strand, 
translating the codon message into a protein 
chain known as a polypeptide. This process is 
facilitated by a small RNA molecule known 
as transfer RNA, which contains an anticodon 
sequence that is complementary to the mRNA 
codon as well as the corresponding amino acid 
[4,6]. 


Gametes uniquely rely on activation and 
translation of stored mRNAs 


The process of translation is subject to criti- 
cal regulation by spatiotemporal mechanisms 
including translational silencing and seques- 
tration; indeed, translational repression of 


mRNAs plays an important role in gameto- 
genesis. Oocytes are unique in that suppres- 
sion of transcription occurs during oocyte 
maturation, fertilization, and early embryo 
development. Thus, gene expression during 
this period relies on translational activation of 
maternally derived mRNAs, which are synthe- 
sized in large quantities prior to oocyte matu- 
ration. These mRNAs are deadenylated, thus 
temporarily suppressing their translation, 
and stored in oocyte cytoplasm, until they 
are utilized. Upon oocyte maturation, transla- 
tion of stored mRNAs is mediated via two 
mechanisms: some mRNAs will undergo 
further extension of poly(A) tails (cytoplasmic 
polyadenylation), a process specific to gametes, 
embryos, and neurons; others will undergo 
translation in a polyadenylation-independent 
manner. Both of these processes require inter- 
action between the mRNA 3/-UTR and cis-act- 
ing elements in the 3’/-UTR of the mRNA. 
Likewise, during the sperm maturation pro- 
cess, transcription in mid-spermatogenesis 
depends on dormant paternal mRNAs. 
However, in spermatids, removal of poly(A) 
tails (rather than elongation, as in oocytes) 
appears to be the primary mechanism by 
which translation is reactivated [7]. 


Noncoding RNAs: not “genetic junk” 


Noncoding RNAs (ncRNAs) are a diverse 
group of functional RNA molecules which are 
transcribed from DNA, but—unlike mRNA— 
are not translated into protein. For many years, 
this noncoding portion of the genome was 
viewed primarily as “genetic junk.” Indeed, in 
a 1957 lecture outlining key ideas about gene 
function, Francis Crick argued that “the main 
function of the genetic material is to con- 
trol...the synthesis of proteins” [8], a concept 
often referred to as the “Central Dogma” of 
molecular biology [9]. At that time, only ribo- 
somal RNAs and transfer RNAs were recog- 
nized for their roles in protein synthesis. 
However, it has been gradually recognized 
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that there are vast classes of ncRNAs, and that 
these molecules play critical roles in numerous 
biological processes including regulation of 
other RNA subtypes, gene imprinting, and 
transcriptional regulation [10]. The Nobel 
Prize-winning discovery of the concept of 
“RNA interference,” or RNA-dependent gene 
silencing initiated by small noncoding RNAs 
was a significant scientific breakthrough [11], 
and the variety of RNA types, and the com- 
plexity of functions encoded in RNA mole- 
cules, is now much more complex than was 
previously believed. While a full review of 
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nonprotein-coding RNA classes and functions 
is beyond the scope of this chapter, noncoding 
transcripts can be broadly categorized into 
“housekeeping” RNAs (a group including 
transfer RNA, ribosomal RNA, and_ small 
nuclear and nucleolar RNA, among others) 
and regulatory RNAs (which includes long 
noncoding RNAs (IncRNAs), small interfering 
RNAs (siRNAs), Piwi-associated RNAS, and 
microRNAs) [11,12]. ncRNAs can also be clas- 
sified by size, into small (<200 nucleotides) 
and long (>200 nucleotides) ncRNAs [13] 
(Fig. 1.2). 
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FIGURE 1.2 Coding and noncoding RNAs.Transcription of miRNA genes is carried out by RNA polymerase II in the 
nucleus to give pri-miRNA, which is then cleaved by Drosha to form pre-miRNA. The pre-miRNA is transported to the 
cytoplasm where it is processed by Dicer into miRNA. The miRNA is loaded into the RNA induced silencing complex 
(RISC) where the passenger strand is discarded, and the miRISC is guided by the remaining guide strand to the target 
mRNA through partially complementary binding. The target mRNA is inhibited via translational repression, degradation 
or cleavage. For siRNA, dsRNA is processed by Dicer into siRNA which is loaded into the RISC. AGO2, which is a compo- 
nent of RISC, cleaves the passenger strand of siRNA. The guide strand then guides the active RISC to the target mRNA. 
The full complementary binding between the guide strand of siRNA and the target mRNA leads to the cleavage of mRNA. 
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Perhaps the _ best-characterized small 
ncRNAs are the microRNAs (miRNAs), 
21—22-nucleotide ncRNAs that suppress gene 
expression by silencing mRNA translation or 
leading to target mRNA degradation. miRNAs 
recognize their target mRNA 3/-UTR sites by 
their first eight residues on the 5’-end (the 
“seed sequence”) and form Watson—Crick base 
pairing [14]. Multiple miRNAs are expressed 
in human oocytes, including miRNAs targeting 
genes involved in DNA repair and cell cycle 
checkpoints [15]. Because oocytes (and embryos) 
contain higher levels of Dicer (an enzyme 
required for miRNA biosynthesis) than any 
other cells or tissues [16,17] and because Dicer- 
specific knockouts exhibit meiotic defects 
[16,18,19], it has been postulated that miRNAs 
are essential in the development of oocytes. 
However, targeted deletion of DGCR8 (an RNA- 
binding protein specifically required for miRNA 
processing) in mice results in oocytes that 
mature normally and exhibit mRNA profiles 
which are essentially identical to wild-type 
oocytes. DGCR8—/— embryos also develop 
normally to the blastocyst stage (though late 
embryonic defects are observed and embryonic 
arrest occurs at E6.5—7.5 postimplantation), and 
DGCR8-deficient female mice produce healthy 
(albeit fewer) offspring [20]. 

Endogenous siRNAs, another class of 
ncRNAs, function to silence gene expression 
via cleavage of target mRNAs. Like miRNAs, 
siRNAs recognize their target mRNA 3’-UTR 
sites; however, unlike miRNAs, they require 
full complementarity in order to suppress 
translation of the target transcript. siRNA pro- 
cessing bypasses DGCR8 but is still subject to 
cleavage by Dicer [20]. Evidence to support 
the importance of siRNAs in oocyte develop- 
ment stems from several mouse models. Mice 
with catalytically inactivated oocyte Ago2 [an 
Agonaute (AGO) protein family member which 
mediates siRNA-led target mRNA silencing], 
exhibit disrupted siRNA function, but intact 
miRNA _ processing. These mice _ display 


abnormal spindle formation, chromosomal mis- 
alignment, and defective oocyte maturation 
[21]. Given the dramatic effects observed after 
targeted siRNA pathway disruption in oocytes 
(in comparison with the minimal effects 
observed after miRNA suppression), it is 
becoming increasingly clear that siRNAs, rather 
than miRNAs, may serve as the primary RNA 
silencing mechanism during oocyte and early 
embryo development. 

Piwi-interacting RNAs (piRNAs) are a class 
of small RNAs found almost exclusively in 
germ cells [22,23]. PiRNAs form RNA—protein 
complexes by binding to a specific class of 
proteins known as Piwi proteins; these 
piRNA-—protein complexes are involved in epi- 
genetic and posttranscriptional gene silencing of 
transposable elements in germ cells (particularly 
spermatogenic cells). pikNAs are synthesized 
from long, single-stranded RNA _ precursor 
sequences, are larger than miRNAs (26—31 nt), 
and their processing does not require Dicer; [24] 
in many respects their mechanism of biogenesis 
still remains unclear. Female mouse Piwi 
mutants do not display defective oocytes in con- 
trast to Piwi protein mutant male mice, which 
exhibit altered spermatogenesis and depletion 
of spermatogonia [24]. Thus, piRNAs appear to 
be essential for male gametogenesis. 

While the functional small noncoding RNA 
classes share significant overlap in their proces- 
sing pathways and molecular interactions, they 
differ in the mechanism by which they are 
processed to their mature forms. However, 
one commonality is that all small ncRNAs 
utilize the involvement of the AGO family of 
proteins, which bind different classes of 
small ncRNAs and their complementary 
mRNAs and induce cleavage or translational 
inhibition. Additionally, multiple RNA inter- 
ference pathways (but not all) utilize the 
Dicer enzyme, an RNAse III involved in pro- 
cessing double-stranded precursor RNA into 
mature single-strand RNA fragments 
[14-19]. 
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The function of IncRNAs, which are more 
than 200 nucleotides in length, is diverse. 
IncRNAs can interact with DNA, RNA, and 
proteins, and act as molecular scaffolds [25], 
guides to a specific target locus [26], decoys or 
sponges [27], and enhancers of transcriptional 
activity [28]. LncRNAs are expressed in a stage- 
specific manner in human _ preimplantation 
embryos [29,30], suggesting involvement of 
these IncRNAs in preimplantation develop- 
ment. Additionally, in comparison to mouse 
embryos, IncRNA networks in eight-cell human 
embryos most closely resemble those of mouse 
two-cell stage embryos [29], emphasizing the 
importance of further examination of the func- 
tions of IncRNAs in human early embryonic 
development directly. 


Genes and chromosomes 


DNA is organized into chromosomes 


DNA found in the nucleus (nuclear DNA) is 
organized into linear, functional sequences 
called genes, which carry genetic information. 
Long, threadlike segments of cellular DNA 
containing multiple genes are known as chro- 
mosomes. Genes can be considered as a set of 
heritable “instructions” for the development 
and function of an organism, and they allow 
for the transmission of genetic information 
from one generation to the next. However, 
genes are only a small segment of total DNA. 
The genome is the total sum of all genetic 
sequences in an organism. A notable finding 
from the Human Genome Project was that 
the previous guesses at the number of human 
genes (from 50,000 to 140,000) grossly overes- 
timated the actual number of genes (about 
20,500). Another discovery from the Human 
Genome Project was that the protein-coding 
portion of the genome accounts for just a 
fraction of its total length (about 2%). In addi- 
tion to genes coding for protein, chromo- 
somes have long segments of noncoding 


DNA, as described in the previous section. 
Chromosomes, along with their accessory 
protein molecules which help maintain struc- 
ture, are known as chromatin [5]. 

In addition to the linear, double-stranded 
DNA structure, chromosomes also contain a 
centromere (usually located near or at the mid- 
dle of the chromosome), and a complex of 
proteins positioned at the centromere known 
as a kinetochore; these structures join identi- 
cal sister chromatids together and facilitate 
chromosome separation during cell division. 
Chromosomes also contain telomeres at their 
ends, which prevent DNA shortening at the 
time of replication (Fig. 1.3). Humans have 
two duplicate sets of 23 different chromo- 
somes (for a total of 46) as well as a sex chro- 
mosome (either X or Y). These chromosomes 
are located in the nucleus of the cell, where 
transcription occurs; mRNA then passes into 
cytoplasm for translational processing [5]. 

Because long eukaryotic chromosomes must 
be packaged into a cell nucleus, they rely on 
contributions from protein scaffolds to main- 
tain their compact, supercoiled shape. DNA is 
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FIGURE 1.3 Ends of linear chromosomes. When an 
RNA primer is removed after initiating a strand of linear 
DNA the gap cannot be filled by DNA as there is no 
upstream 3’-hydroxyl to accept nucleotides. This would 
result in shortening of linear DNA during each replication 
cycle. Eukaryotes have solved the problem of replicating 
linear DNA by using structures known as telomeres. 
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FIGURE 1.4 The basic unit in the folding of eukaryotic 
DNA is the nucleosome, which consists of a segment of 
DNA coiled around a specialized protein known as a 
histone. 


wrapped around specialized proteins called 
histones; a segment of DNA coiled around a 
histone is known as a nucleosome. These nucleo- 
somes are further compacted into fibers and 
loops. The term chromatin indicates DNA and 
the proteins maintaining its structure (Fig. 1.4) 


[5]. 


Mitochondria also contain DNA and 
chromosomes 


While most cellular DNA is located in the 
nucleus, DNA is also found in mitochondria, 
the double-membrane-bound _ intracellular 
organelles essential for anaerobic metabolism 
and energy production. Unlike the large, lin- 
ear structure of nuclear DNA chromosomes, 
which contain approximately 3 billion base 
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FIGURE 1.5 Mitochondrial DNA structure. Mitochondrial 
DNA is typically diagrammed as a circular structure with 
genes and regulatory regions labeled. 


pairs, mtDNA chromosomes are small struc- 
tures (spanning about 16,500 nucleotides) and 
are packaged in a double-stranded, closed, 
circular formation (Fig. 1.5). Human mito- 
chondrial DNA (mtDNA) is inherited solely 
from the mother, except in rare cases of inher- 
itance of both maternal and paternal mtDNA 
[31,32]. 

mtDNA encodes 37 genes which are essential 
for mitochondrial function, including genes 
encoding tRNA, rRNA, and enzymes involved 
in oxidative phosphorylation and synthesis of 
adenosine triphosphate. Mitochondria contain 
cellular machinery to maintain, replicate, and 
transcribe their own mtDNA. The mitochondrial 
genome is polypoid; cells contain thousands of 
copies of mtDNA. mtDNA mutation rates are 
on the order of 100-fold higher than those of 
nuclear DNA, and individuals may harbor a 
mixture of wild-type and mutant mtDNA (het- 
eroplasmy). However, the burden of mutant 


A. Fundamentals Of Genetics 


10 1. Basic genetics: mitosis, meiosis, chromosomes, DNA, RNA, and beyond 


mtDNA must reach a particular threshold for 
clinical manifestations of a mitochondrial disor- 
der to occur (the threshold effect) [2,31,32]. 


Regulation of gene expression: 
posttranslational modifications and 
imprinting 

Gene expression is primarily regulated at the 
level of transcription; that is, cells can initiate or 
silence the expression of certain genes by initiat- 
ing mRNA synthesis from DNA. However, gene 
expression can also be further modulated in 
posttranscriptional manner by a number of com- 
plex processes. Cells can alter mRNA longevity 
via a mechanism that promote stability or 
increase mRNA decay rates. ncRNAs can further 
modify the stability and expression of target 
mRNAs. Mature protein products may be syn- 
thesized via posttranslational modification of 
inactive precursor polypeptides. 

Most mammalian genes are expressed equally 
from the maternal and paternal allele (biallelic 
expression). However, a small subset of genes— 
those that are imprinted—are expressed solely 
from one parental chromosome (monoallelic 
expression), conferring parent-specific origin to 
a particular gene. The study of epigenetics con- 
cerns heritable changes in gene expression, such 
as imprinting, which do not involve alterations 
in DNA sequence. Imprinted genes (of which 
about 150 have been identified in the mamma- 
lian genome [33]) are essential for normal 
growth and development. The expression of 
imprinted genes does not follow the usual rules 
of inheritance, which would dictate that both 
parental alleles are equally expressed. Instead, 
for example, an imprinted gene that is active on 
a maternally inherited chromosome will be 
expressed only from the maternal chromosome, 
and the paternal contribution will be silenced; 
the expression pattern would be reversed for a 
paternally imprinted gene. Imprinted genes gen- 
erally cluster together in regions which also con- 
tain a regulatory segment of DNA known as the 
imprinting control region. A major mechanism 


for regulation of imprinting is DNA methyla- 
tion, or the transfer and covalent attachment of a 
methyl group from S-adenosyl-L-methionine to a 
cytosine residue. DNA methylation frequently 
occurs along long stretches of cytosine-guanine 
dinucleotide residues (or CpG islands, where the 
“py” delineates a phosphodiester bond linking C 
and G), catalyzed by DNA methyltransferases. 
Genomic regions with allele-specific methylation 
status are known as differentially methylated 
regions [33]. 

Methylation marks can be maintained 
through successive cell divisions, propagating 
specific patterns of gene expression and con- 
tributing to the establishment and mainte- 
nance of lineage. Following fertilization, 
maternal and paternal genomes undergo era- 
sure of most methylation marks (demethylation); 
DNA methylation is then reestablished after 
implantation. In particular, the establishment 
of correct germline-specific DNA methylation 
patterns is crucial, as failure to establish appro- 
priate germline methylation marks can have 
serious consequences for gametogenesis and 
embryo development. DNA methylation is 
essential for spermatogenesis; loss of DNMT3A 
or DNMT3I (two specific DNA methyltrans- 
ferases) leads to spermatocyte apoptosis and 
sterility. Mammalian oocytes, in contrast, toler- 
ate loss of methylation until postfertilization, at 
which point embryos conceived from 
DNMT3L methyltransferase-deficient oocytes 
die [34]. 

DNA methylation is not the only mechanism 
responsible for the regulation of imprinted 
genes. Like DNA, histones can undergo modifi- 
cation via methylation, acetylation, and other 
processes; these regulatory marks allow histones 
to store epigenetic information and participate 
in transcriptional activation or repression. Loss 
of imprinting of specific genes is associated with 
the development of congenital disorders includ- 
ing Prader—Willi syndrome and Angelman syn- 
drome, and Beckwith—Wiedemann syndrome 
and Silver—Russell syndrome (the H19/IGF2 
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domain). Some studies also suggest that the use 
of assisted reproductive technologies such as 
in vitro fertilization is associated with disorders of 
imprinting [33]. 


DNA replication, mitosis, and meiosis: 
passing on genetic information 


DNA replication duplicates cellular DNA 


During cellular division, chromosomes 
divide and distribute from parent to daughter 
cells. This necessitates that, prior to division, 
cellular DNA must be duplicated, a process 
known as DNA replication. The process of DNA 
replication begins with the separation of DNA 
strands. Because the two helical DNA strands 
are wound together, separation of the strands 
without unwinding the entire DNA molecule 
requires breaking of a strand via DNA helicase 
enzyme. Single-stranded binding protein then 
binds the unwound DNA, preventing re- 
annealing of the two parent strands. A class of 
enzymes known as DNA polymerases is then 
responsible for elongation of the new DNA 
strands. The discovery of one of these poly- 
merases, DNA polymerase I, led to a Nobel 
Prize for Arthur Kornberg in 1959. Because 
DNA polymerase cannot initiate new sites of 
DNA replication from free nucleotides, the 
process is initiated by a type of RNA polymer- 
ase (RNA primase), which catalyzes formation 
of a short RNA primer strand. Upon release of 
the RNA polymerase, DNA replication pro- 
ceeds by DNA polymerase via addition of 
nucleotides to the hydroxyl group at the 3’ end 
of the elongating chain. DNA replication is ini- 
tiated at a specific sequence on the DNA tem- 
plate (the origin of replication), and replication 
(or polymerization) proceeds in both directions 
at the replication fork, producing two elongat- 
ing, antiparallel DNA strands (one running 5’ 
to 3’ and the other 3’ to 5’) [4]. However, DNA 
polymerases can also only catalyze DNA repli- 
cation in the 5’ to 3’ direction. Thus, synthesis 


occurs on the leading strand in the 5’ to 3’ direc- 
tion via continuous addition of nucleotides, 
and occurs on the lagging strand via addition of 
short fragments of DNA (Okazaki fragments) 
onto new RNA primers. Gaps between Okazaki 
fragments are filled in by DNA polymerase 
(which degrades the RNA fragments) and DNA 
ligase (which seals DNA ends together). When 
mismatches (i.e., incorrect addition of bases to 
the growing strand) occur, a 3’ exonuclease 
removes the incorrect base (the nascent DNA is 
checked and repaired again at completion of 
replication by the mismatch repair system). 
Errors during DNA replication which are not 
repaired can result in alterations within the 
sequence of the gene; these polymorphisms may 
have no effect on the resulting gene product, or 
may severely disrupt gene function (mutations), 
depending on the size and location of the 
variant. 

A unique problem arises at the end of the 
elongating DNA strand. If the terminal (5’) RNA 
primer were to be removed without replace- 
ment, essential genetic information could be 
lost, because DNA polymerase cannot initiate 
replacement of this short sequence without an 
RNA primer. However, the presence of telomeres 
(short nucleotide repeats) at the ends of DNA 
allow for chromosome shortening without loss 
of genetic information. Additionally, the enzyme 
telomerase, which carries its own small RNA 
primer, replaces the lost DNA sequences in cells 
where it is present. 


DNA replication is error-prone 


Errors during DNA replication can occur 
for multiple reasons. Nucleotides may be mis- 
matched (i.e., an A mispaired with a G instead 
of a T), or a nucleotide base may be added or 
deleted. While DNA polymerase replicates 
DNA with high fidelity, errors occur at a rate 
of about 1 per 100,000 (which roughly trans- 
lates, in a human cell with 600,000 base pairs, 
to 120,000 errors per cell division [35]). DNA 
polymerases can correct these errors through 
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proofreading (in which the wrongly positioned 
or incorrect nucleotide is recognized and 
removed), which fixes the majority of DNA 
replication errors. Remaining errors are 
addressed via mismatch repair, during which 
incorrect nucleotides are excised and replaced 
with the correct nucleotide. Errors that are not 
repaired, but persist through cell division, 
become permanent mutations in the cellular 
DNA (such as insertions and deletions). 


Mitosis 

Mitosis is the process by which a cell 
nucleus splits in two, and is followed by divi- 
sion of the parent cell. The goal of mitosis is 
to achieve division of the genetic data con- 
tained in somatic cells, generating daughter 
cells with identical genetic information. At 
mitosis, disassembly of the nuclear mem- 
brane, division of chromosomes, and _ reas- 
sembly of nuclear membranes and division of 
the mother cell occurs. 

Prior to mitosis, the cell undergoes G1, a 
phase of cell growth (Fig. 1.6), the S-phase, dur- 
ing which DNA replication occurs, and a 
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FIGURE 1.6 The cell cycle. The cell grows continuously 
in interphase, which consists of three phases: DNA replica- 
tion is confined to S phase; G1 is the gap between M phase 
and S phase, while G2 is the gap between S phase and M 
phase. In M phase, the nucleus and then the cytoplasm 
divide. 


second growth phase, G2, in preparation for 
cell division. Collectively, these phases (G1, S, 
and G2) are known as interphase. Mitosis con- 
sists of four distinct phases: prophase, metaphase, 
anaphase, and telophase. During prophase, which 
occurs after the conclusion of the G2 growth 
phase, nuclear chromosomes begin to compact, 
and can be visualized under light microscopy 
as sister chromatids. Each centrosome with its 
associated centrioles migrates to an opposite 
pole of the cell, and the mitotic spindle, a micro- 
tubule and protein structure that facilitates 
chromosome alignment and separation, begins 
to form. During metaphase, chromosomes 
align along the midpole of the cell (known as 
the metaphase plate). At anaphase, sister chro- 
mosomes separate and are pulled toward 
opposite poles of the cell by fibers of the mito- 
sis spindle. During telophase, the mitotic spin- 
dle disassembles and the nuclear membrane 
reassembles separately around each group of 
chromosomes. Finally, the parent cell splits in 
a process known as cytokinesis, completing cel- 
lular division [5]. Cells undergoing mitosis are 
subject to errors including nondisjunction (fail- 
ure of sister chromatids to separate, resulting 
in daughter cells which are aneuploid with too 
few and/or too many chromosomes). 


Meiosis 

In contrast to mitosis, the process of meiosis 
achieves cell division for the purpose of gam- 
ete formation (Fig. 1.7). The endpoint of mitosis 
is the generation of genetically distinct, haploid 
(n) cells that can fertilize with other gametes. 
Meiosis consists of two divisions: meiosis I and 
meiosis II. As in mitosis, a parent cell about to 
enter meiosis first undergoes DNA replication, 
resulting in a duplicated set of chromosomes 
(2n). Meiosis I is a unique process, occurring 
only in germ cells. First, the cell enters prophase 
I, during which chromatin condenses and 
homologous chromosomes (each consisting of 
linked sister chromatids) begin to pair, 
exchange genetic material, and reseal at points 
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FIGURE 1.7 Principles of Mitosis. Prior to mitosis, the 
cell undergoes a phase of cell growth and replication 
known as interphase. During prophase, chromatin in the 
nucleus begins to condense and becomes visible as chromo- 
somes. The nucleolus disappears. Centrioles begin moving 
to opposite ends of the cell and fibers extend from the cen- 
tromeres. Some fibers cross the cell to form the mitotic 
spindle. In metaphase, spindle fibers align the chromo- 
somes along the middle of the cell nucleus, the metaphase 
plate. During anaphase, paired chromosomes separate at 
the kinetochores and move to opposite sides of the cell. In 
telophase, chromatids arrive at opposite poles of cell, and 
new membranes form around the daughter nuclei. 
Cytokinesis results when the center of the cell contracts 
pinching the cell into two daughter cells, each with one 
nucleus. 


known as chiasmata. This process is known as 
crossing over or homologous recombination, and 
the exchange of DNA segments between chro- 
mosomes increases the genetic diversity of the 
resulting gametes, as the end result is paired 
chromosomes containing genetic material from 


both oocyte and sperm. During metaphase I, the 
nucleus is no longer visible, and homologous 
chromosomal pairs align along the metaphase 
plate. Each chromosome in a pair is equally 
likely to be found on either side of the mid- 
plane of the cell, leading to random assortment 
of chromosomes in subsequent daughter cells 
(a process known as independent assortment). 
Genes in close proximity to one another on the 
same chromosome are considered linked and 
are less likely to become “unlinked” via inde- 
pendent assortment or crossing over. In ana- 
phase I, microtubule shortening leads to 
separation and movement of chromosome 
pairs to opposite poles of the parent cell. 
During telophase I, chromosomes are separated 
by the formation of two new nuclei, and cytoki- 
nesis follows. At completion of meiosis I, chro- 
mosome pairs (consisting of linked sister 
chromatids) have been redistributed to each 
daughter cell, rendering each daughter cell 1n 
(one set of chromosomes), 2c (two sister chro- 
matids) [6]. 

Meiosis II follows meiosis I and is similar to 
a mitotic division, except that it is not preceded 
by DNA replication. In prophase II, sister chro- 
matids again condense and centrosomes move 
to opposite poles of the parent cell. During meta- 
phase II, single chromosomes align vertically on 
the metaphase plate (in contrast to metaphase II, 
when pairs of homologous sister chromatids 
line up in the cell midline). In anaphase II, these 
sister chromatids are separated by the mitotic 
spindle, and during telophase II, complete sepa- 
ration of sister chromatids has occurred and 
two distinct nuclear membranes form. Meiosis 
II results in four haploid cells, such that the 
resulting gametes are 1n, 1c. Each of these cells 
has one copy each of 43 chromosomes, each 
with a unique genetic signature. Through this 
process, germ cells (oocytes and sperm) are pro- 
duced (Fig. 1.8) [6]. 

Meiosis differs from mitosis in that two sets 
of cell division occur, resulting in four unique 
haploid genomes, and in that the processes of 
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FIGURE 1.8 Meiosis. After interphase, meiosis I (the first 
meiotic division), begins with prophase I, similar to mitosis. 
Chromatin in the nucleus begins to condense and becomes 
visible as chromosomes, and the nucleolus disappears. In 
metaphase, spindle fibers align along the chromosomes along 
the middle of the cell nucleus, the metaphase plate. During 
anaphase, paired chromosomes separate at the kinetochores 
and move to opposite sides of the cell. In telophase, chroma- 
tids arrive at opposite poles of cell, and new membranes 
form around the daughter nuclei. The cell now undergoes 
cytokinesis that divides the cytoplasm of the original cell into 
two daughter cells. Each daughter cell is haploid and has 
only one set of chromosomes, or half the total number of 
chromosomes of the original cell. Meiosis II is a mitotic divi- 
sion of each of the haploid cells produced in meiosis I. At the 
conclusion of meiosis, there are four haploid daughter cells 
that go on to develop into either sperm or egg cells. 


recombination and independent assortment add 
genetic diversity. Cells undergoing meiosis are 
subject to error during both meiosis I and 


meiosis II. Errors may involve failure of division 
of either whole chromosomes or sister chroma- 
tids. Such errors can include nondisjunction (the 
failure of chromosomes or sister chromatids to 
separate), nonhomologous recombination between 
chromosomes, or premature homologue or sister 
chromatid separation (early loss of connections 
between homologous chromosomes or sister 
chromatids), all of which can result in gametes 
with a missing or extra chromosome or sister 
chromatid. 


And beyond—is the human genome 
“editable”? 


Genome editing occurs also as a natural pro- 
cess—via insertions, deletions, or modifications 
of cellular DNA. However, genome editing 
(also called gene editing) can also be achieved 
via several scientifically engineered approaches. 
These technologies allow genetic material to be 
added, removed, or altered at particular loca- 
tions in the genome. Several approaches to 
genome editing have been developed. Among 
the available methods, Crispr/Cas9, a method 
which utilizes endonucleases to generate tar- 
geted double-stranded DNA breaks (resulting 
in activation of cellular DNA repair machinery 
via nonhomologous end joining or homologous 
recombination), appears promising due to its 
efficiency, cost, and ease of use. However, major 
concerns exist regarding the use of this technol- 
ogy, especially if used to perform germline 
and/or embryo editing (which would result in 
genomic changes that would be passed on to 
future generations). These concerns include the 
possibility for off-target effects at other genomic 
locations, and lack of efficiency or inaccurate 
repair resulting in mosaic embryos [36]. While 
many countries have discouraged or banned 
research on germline editing at this time, ongo- 
ing public deliberation and debate can be 
expected to keep this issue at the forefront of 
scientific discussion. 
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Introduction 


Since the discovery of the double helix in 
1953, the genetic causes of human disease have 
become increasingly understood. This has not 
only influenced our diagnostic approaches to 
disease, but has also led to treatments targeting 
the resultant defect. One prime example is 
identification of the BCR-ABL fusion gene in 
chronic myelogenous leukemia and the use of 
a specific kinase inhibitor, Imatinib, to curtail 
the function of this aberrant protein. This has 
led to dramatic improvements in treatment of 
this disease. Similar approaches have been 
undertaken in the field of gynecology for both 
benign and malignant disease. This text will 
focus on the methods used to discover numer- 
ous key genetic causes of gynecologic disease, 
understand the pathogenesis, and improve the 
diagnostic potential. Advanced genetics meth- 
ods discussed below have revealed the abso- 
lutely fascinating complexity of the genome 
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and the interplay of regulatory mechanisms 
that safeguard homeostasis and health. 


The Human Genome Project, Mendelian 
and complex genetic inheritance 


The Human Genome Project is one of the 
most ambitious and influential projects under- 
taken in genetics and provided a wealth of infor- 
mation that benefits science and medicine today 
[1]. As a result of this effort, the precise position 
of genes and polymorphic elements in humans 
have been precisely mapped, and open the way 
for studying regulatory elements. The human 
genome contains 3 billion base pairs and has the 
estimated 20,000—25,000 genes that code for pro- 
teins and numerous noncoding regions that 
modulate the expression of genes or noncoding 
RNAs. These include promoters that are crucial 
in initiating gene expression, enhancers which 
increase expression, splicing modulators, and 
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noncoding RNA elements leading to the produc- 
tion of small RNAs including but not limited to 
microRNAs, snoRNAs, and others, which modu- 
late gene expression. 

Genetic diseases can be categorized into 
monogenic or polygenic. Monogenic or 
Mendelian are those diseases caused by defects 
in one or a handful of genes, following roughly 
the mode of inheritance that Mendel observed in 
the 19th century. Polygenic or complex diseases 
are those that have a less well-defined mode of 
inheritance and may be caused by variation in 
several genomic regions. Polygenic, more than 
Mendelian diseases, are often subject to incom- 
plete penetrance, in other words not all indivi- 
duals that carry the genetic risk factors will 
develop the disease. In addition, the natural 
environment and life habits, including diet and 
exercise, have substantial interactions with the 
genome in promoting or preventing disease. 
Cystic fibrosis and spinal muscular atrophy are 
examples of Mendelian diseases, while several 
neurological diseases, such as Alzheimer’s and 
Parkinson’s, and most cancers including gyneco- 
logic ones, are genetically complex. Interestingly, 
there are gynecologic cancers that follow both 
modes of inheritance in different individuals. 
For example, breast cancer can be caused by 
BRCA1 or BRCA2 mutations in an autosomal 
dominant mode of inheritance, however, in the 
majority of patients, the inherited genetic defect 
is unknown [2,3]. 


Difference between mutations and 
polymorphisms 


Since the development of DNA sequencing, 
our desire to understand the effects of single 
base-pair changes in DNA on disease develop- 
ment has been ever-present. Throughout the lit- 
erature the designation of these base-pair 
changes in DNA has been somewhat fluid with 
the interchangeable use of terms such as “muta- 
tion” and “polymorphism.” The classic 


definitions of these terms can be traced back to 
two papers from 1993 [4,5]. These papers 
recommended that any change in the nucleotide 
sequence can be called a “mutation” even if it 
leads to disease. This notion is no longer valid 
for the reasons explained below. In contrast, a 
polymorphism is a variation in the DNA 
sequence that occurs in at least 1% of the popu- 
lation [6]. The most common polymorphism is a 
single-nucleotide polymorphism (SNP) which is 
calculated to occur every 1000 base pairs in the 
human genome. These variants can occur in 
both coding and noncoding sequences [7]. 

The terms mutation and polymorphism imply 
a clear distinction of pathogenicity of the change. 
However, none of the two can account for 
genetic risk factors and incomplete penetrance. 
Recently, with the expansion of next-generation 
methods which have allowed the sequencing of 
thousands of genomes of diverse ethnic back- 
grounds, the use of mutation and polymorphism 
was somewhat abandoned and substituted by 
the terms rare and common variants. 

The variation in the genome can be inherited 
(germline transmission) from the parents or 
acquired (somatic) and can arise from DNA 
damage, replication errors, repair errors, or 
modification from mobile genetic elements. 
During evolution some variants have become 
more prominent, and others disappeared, pre- 
sumably because they conferred a disadvantage 
to the environment or disease. On the other 
hand, variants providing a survival advantage 
have been maintained, such as the sickle cell 
anemia rare mutation protecting from malaria. 
Variants can be a single base change or whole 
regions of genes and even chromosomes can be 
deleted, duplicated, inverted, or translocated [8]. 


Approaches for identifying the genetic 
cause of a disorder 


Dramatic advances have been made in 
investigating the role of variants in monogenic 
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disorders. Despite genome-wide association 
studies (GWAS) of thousands of patient gen- 
omes, understanding of many polygenic gyne- 
cologic disorders remains elusive. A sea of 
DNA variants were associated with common 
gynecologic disorders such as polycystic ovary 
syndrome (PCOS) and endometriosis [9,10]. 
Methods for consolidating this plethora of data 
to determine the causal genetic variants 
responsible for disease continue to improve. 
Multimodal types of analyses that combine 
genomics with additional types of data such as 
transcriptomics, functional characterization, 
clinical, and even artificial intelligence have 
been developed. 

The followings sections discuss the different 
approaches that can be used in the quest to 
find the genetic cause of reproductive 
disorders. 


Candidate gene approach 


Candidate gene approach has been used 
extensively to find associations between dis- 
ease state and genetic variations, well before 
the Human Genome Project (HGP) was con- 
ceptualized. This method requires in-depth 
knowledge of the function of an organ, secre- 
tion and function of hormones, and interac- 
tions between several systems. It also depends 
on the available clinical and molecular assays 
in order to accurately characterize the disease 
phenotype. Direct Sanger sequencing of the 
candidate gene has been used to find the 
molecular defect, sometimes in conjunction 
with reverse transcription polymerase chain 
reaction (RT-PCR) of the cDNA. The main dis- 
advantage of this method is that it is not high 
throughput as it examines one gene at a time. 
It is only recommended when the phenotype 
allows an educated guess of the affected gene. 

Many disease genes have been discovered 
using this approach, including genes of repro- 
ductive disorders. For example, the follicle- 


stimulating hormone (FSH) units and follicle- 
stimulating hormone receptor (FSHR) have 
been of particular interest in studies of hypogo- 
nadotropic hypogonadism. FSH is a protein 
hormone that binds to FHSR, a G-protein- 
coupled receptor in granulosa cells, which is 
essential for driving oocyte development and 
maturation [11]. Mutations in the FSH and 
FSHR have been discovered by direct Sanger 
sequencing genes in patients presenting with 
hypogonadism [12,13]. Recessive inheritance 
by compound heterozygous mode of transmis- 
sion, as well as functional characterization of 
the variants in vitro, was deemed necessary to 
prove the pathogenicity of these variants. 

Premature ovarian insufficiency (POD is a 
condition which affects approximately 1%—2% 
of reproductive-age women _ globally. It 
involves the spontaneous cessation of men- 
strual cycles before age 40 [14]. Several 
mechanisms are thought to play a role in POI. 
These include chromosomal abnormalities, 
either of the autosomal chromosomes or the X- 
chromosome, autoimmune conditions, toxin 
exposure from the environment, or iatrogenic 
causes such as chemotherapy or radiation ther- 
apy [15]. No single mutation has been associ- 
ated with POL with any one mutation 
accounting for no more than 10% of incident 
cases [16,17]. One of these candidate genes is 
premutation of the FMR1 gene. Other genes 
that have since been identified include FSHR, 
POF1B, FOXL2, and BMP15 with functional 
studies providing a causative relationship for 
each of these candidate genes [18—20]. 
Missense mutations and polymorphisms have 
also been found: GDF9, FOXO3A, FOXOIA, 
and INHA [21—23]. 

In 2007 Aleksander Rajkovic’s group used 
sequencing of the NANOS3 gene in Chinese 
and Caucasian women with POI and found 
one SNP, rs2016163, in exon 1 [24]. NANOS3 is 
the gene encoding an RNA-binding protein 
which was first identified in Drosophila and is 
activated during germ cell development. In the 
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same year, this group studied the Newborn 
ovary homeobox gene (NOBOX gene) in 96 
Caucasian women with POI They detected 
seven known SNP s and four new variants, 
two of which led to missense mutations of this 
gene. These two mutations, p.Arg355His and 
p-Arg360GIn, led to missense mutations that 
disrupted NOBOX homeodomain binding to 
its DNA-binding element based on electropho- 
retic mobility shift assays [25]. This group fur- 
ther investigated the role of the FSHR in two 
Indian sisters with POI. This sequencing led to 
the discovery of a new pathogenic variant of 
the FSHR gene, c.1253 T>G, leading to a sin- 
gle amino acid substitution, Ile418Ser. This sin- 
gle change leads to loss of functions for FSHR 
in an exon which has been previously associ- 
ated with a gene variant in a patient with pri- 
mary amenorrhea [26]. 

Male and female NANOS3 knockout mice 
were both found to be infertile. The mouse 
genes’ high degree of homology to its human 
analogue made it a possible candidate gene for 
POI. Sufficient conservation of ovarian func- 
tion between humans and mice has permitted 
using animal models to study the effects of 
gene knockouts in mice and better understand 
ovarian function with possible implications to 
improve the treatment of human conditions 
[11,27]. Recapitulating the phenotype in animal 
models provided additional support for the 
identification of the causal human gene for the 
disorder. 

However, except for recessive disorders 
with a clear mode of transmission, investiga- 
tors using candidate gene approaches to study 
the genetic basis of a gynecologic disease have 
often met with mixed success. This suggests 
that our ability to determine an exact genetic 
cause is dependent on the precision of the phe- 
notypic diagnosis. 

Single-nucleotide variants of the FSHR have 
been studied in patients undergoing controlled 
ovarian stimulation (COD, since patients are 
treated with several formulations that contain 


FSH [28,29]. Two common FSHR variants in 
exon 10 (dbSNP; rs6165 and rs6166) result in 
two amino acid changes in the intracellular 
domain of the receptor, giving rise to two poly- 
morphic proteins that contain threonine or 
asparagine in position 307, and alanine or ser- 
ine in position 680. Clinical data indicated less 
favorable associations of the least common 
Ala®°’Ser®° variant with relevant endpoints of 
ovarian stimulation, including basal FSH, num- 
ber of oocytes, pregnancy rate, and maximum 
E2 [30]. In in-vitro studies the least common 
variants appear to lead to decreased sensitivity 
of the FSHR [31]. 

Additionally, splicing variants of the FSHR 
receptor lacking exon 2 have been discovered 
using RT-PCR from granulosa cell mRNA of 
patients undergoing COI [28,32]. Although the 
variants cannot completely explain the extent 
of the variability, the variants were consistent 
with the phenotype in subsets of patients. 

PCOS and POI are two gynecologic condi- 
tions which have been studied using a candi- 
date gene approach with mixed results. PCOS 
affects up to one in five women of reproductive 
age. It can lead to irregular periods and is the 
most common cause for anovulation [33]. POI 
is a condition in which lack of ovarian function 
manifests as amenorrhea, increased gonadotro- 
phin secretion, and estrogen deficiency in 
women younger than 40. Numerous studies 
have shown an association between inhibition 
of FSH production or signaling and the arrest 
of ovarian folliculogenesis seen in PCOS 
[34—36]. However, associations with FSHR 
mutations or polymorphisms and either of 
these diseases have not yet shown any signifi- 
cant relationship, despite several studies being 
conducted. For example, Conway et al. looked 
at 49 women with POI and 93 women with 
PCOS compared to 51 controls using sequenc- 
ing of restriction fragments from the FSHR 
gene and found no variant associated with 
either disease [37]. Tong et al. looked at FSHR 
receptor polymorphisms in 16 patients with 
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POI, 124 patients with PCOS, and 236 control 
subjects using both direct sequencing and anal- 
ysis of restriction fragment length polymorph- 
isms (RFLPs) and no associated FSHR variants 
[38]. Simoni et al. examined an array of pro- 
moter and coding variants of the FSHR gene 
and did not find any associations [30]. 

The candidate gene approach can be con- 
fused with linkage analysis, a technique that 
will be described in the next section. While 
linkage analysis takes advantage of familial 
transmission to find genetic variations, candi- 
date gene analysis seeks to associate a gene 
across a population. Association over a whole 
population, in a sense, represents an extreme 
form of linkage in which genetic variations can 
be identified in unrelated individuals with a 
common disease or syndrome [39]. 


Linkage analysis 


The distribution of chromosomes, and sub- 
sequently to genes during meiosis, is believed 
to follow the idea of “independent assortment 
of genes.” This means that genes are allocated 
to offspring without any relation to one 
another. However, as the location of genes on 
chromosomes became known, it was clear that 
physical proximity of the genes influenced 
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their coinheritance. It was as if the genes were 
“linked,” in a sense. This was first demon- 
strated by T. H. Morgan in Drosophila, who 
showed that certain genes were not allocated 
independently, but rather tended to associate 
with other genes. Using the paradigm he was 
able to show how the genes of the Drosophila 
fly exist in four “linkage groups” which corre- 
sponds to the four chromosomes in this 
fly [40]. 

As a result, linkage analysis could be used 
to follow the pattern of inheritance of a genetic 
disease within families and examine which 
parts of the genome are shared by all affected 
individuals, while being absent from all unaf- 
fected ones. The existence of families with sev- 
eral affected members is necessary to perform 
linkage analysis. A family, the disease status, 
and genetic information segregation can be 
graphically assessed using a pedigree. This is 
done by outlining the affected and unaffected 
individuals over a series of generations with 
different symbols. Using this graphical repre- 
sentation, dominance and whether a gene is 
autosomal or X-linked can be deduced [41]. In 
Fig. 2.1, we show a simple pedigree of an auto- 
somal recessive gene which spans two genera- 
tions. Note how both the parents (F1) are 
carriers, but are unaffected. However, of their 


FIGURE 2.1 A three- 
generation family carrying a 
monogenic disease of recessive 
inheritance is shown. Boxes indi- 
cate males and circles females. 
Half-shaded shapes indicate non- 
affected carriers. Fully shaded 
shapes indicate homozygous 
affected. Open spaces indicate 
not carriers. Hypogonanotrohic 
hypogonadism due to follicle- 
stimulating hormone receptor 
(FSHR) mutations, cystic fibro- 
sis, and spinal muscular atrophy 
show this model of inheritance. 
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four offspring, two have two copies of the dis- 
ease and are affected. 

Linkage analysis used the typing of poly- 
morphic markers that were distributed across 
the genome to discover the parts of the genome 
that contained the causal gene, which was 
shared by all affected individuals. Once a chro- 
mosome location has been found, genetic link- 
age analysis can be done to determine if the 
disease stems from one gene or numerous 
genes. Systematic Sanger sequencing of the 
coding regions of all included genes followed 
and many disease genes have been identified 
this way, and some examples are discussed 
below. 

The most common type of polymorphisms 
used in linkage analysis were variable number 
tandem repeat and RFLPs that are sequences 
that show allelic differences among indivi- 
duals. A mathematical algorithm was used to 
calculate the results at a genome-wide level. 
Linkage between a disease and a chromosomal 
location is quantified by the logarithm of odds 
(LOD) score. The LOD score, Z, is the loga- 
rithm of the odds that certain loci are linked to 
a disease divided by the odds that certain loci 
are unlinked. A LOD score greater than 3.0 is 
considered indicative of linkage, whereas a 
LOD score of —2 is indicative that linkage is 
not present. Although the markers used in 
linkage analysis were more polymorphic than 
SNPs they were not as dense as SNPs. The rea- 
son why SNPs were not used as extensively in 
linkage as microsatellite repeats is purely his- 
torical. SNPs were not discovered until the late 
1990s, while a large number of linkage studies 
were performed before that date. 

The genes for many monogenic diseases 
have been discovered using linkage analysis 
including the genes for breast and ovarian can- 
cer, BRCAI and BRCA2 [2,42]. They were both 
identified in the 1990s by analyzing families at 
high risk of ovarian and breast cancer. 
Together they comprise 15%—20% of all cases 
of familial breast cancer. Loss of one BRCA 


gene leads to an enhanced predisposition to 
cancer, whereas loss of two copies is consis- 
tently seen in tumor cells [43,44]. As in the can- 
didate gene approach, studies in animal 
models and in vitro systems are necessary to 
confirm gene causality for a disease, as well as 
help the identification of therapies. For dis- 
eases like breast cancer, identifying mutations 
in the BRCA genes is pivotal for the choice of 
therapeutic management in the case of cancer, 
disease prevention, and family counseling. 

Besides monogenic diseases, linkage analy- 
sis has been successful in identifying genes of 
familial types of polygenic diseases, such as 
autosomal dominant spinocerebellar ataxia, 
amyotrophic lateral sclerosis, and Parkinson’s 
disease [45—48]. Although a disease can be 
linked to a gene in only a fraction of affected 
individuals, identification via linkage allowed 
studies into the pathophysiology of the disease. 
This technique allowed for insight into disease 
mechanisms many years before the availability 
of more complex genetic methods such as 
GWAS were available. 

Another benefit of early linkage studies, in 
the era before the completion of the HGP, was 
the valuable information it provided about 
chromosomal size, distance between genes, 
and rates of meiotic recombination. The basic 
unit of linkage is a Morgan, which was defined 
as the chromosomal length over which one 
recombination event occurs during one meio- 
sis. Two loci are 1 centiMorgan (cM) apart if 
they are segregated away from each other in 
1% of meiotic transmissions to offspring. One 
centiMorgan is roughly 1 million base pairs of 
DNA, although recombination rates differ 
between male and female meiosis even for the 
same chromosome [40,49]. 

Despite the substantial success of linkage 
analysis in identifying disease-associated genes 
and opening the road to therapies, it is limited 
by the need for families with several affected 
members. Therefore for reproductive disorders 
that preclude from having large families, 
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linkage analysis cannot be effectively 
deployed. Instead, GWAS, described in the 
next section, are more appropriate. 


Genome-wide association studies 
(polycystic ovary syndrome) 


The discovery of the SNPs was a major 
inflection point in genetic analysis, as it 
allowed the development of association stud- 
ies with a case—control study design, without 
the requirement of families [50,51]. The study 
design is based on gathering representative 
populations affected and unaffected by the 
disease in question. Then the DNAs are SNP- 
genotyped using arrays. GWAS attempt to 
detect an association between a SNP and a cer- 
tain disease, by examining the allele frequency 
between the cases and the controls. The 
greater the frequency of a certain SNP in a 
group of unrelated individuals with a specific 
disease condition, the greater the chance that 
this SNP may directly or indirectly underlie 
the condition (Mitjans and Arias, n.d.). A SNP 
is considered significantly associated with a 
disease/trait when the P value is less than 
S10. 

Gene association studies are especially effec- 
tive for polygenic disease. The technological 
explosion that allowed screening of thousands 
of SNPs on an array simultaneously and the 
advancement of computational algorithms to 
analyze the data mapped a very large number 
of diseases and traits to chromosomal loca- 
tions. By 2019 there were 7796 GWAS publica- 
tions and 159,202 associations! The GWAS 
catalog is a repository of all associations 
detected to date (https://www.ebi.ac.uk/ 
gwas/) (Fig. 2.2).What is very important to 
emphasize here is that GWAS use the analysis 
of common variants (SNPs) to pinpoint the 
chromosomal locus that is causal for a disease, 
but in most cases cannot indicate which of the 
genes in the area is causal. Often the closest 


gene to the SNP is considered the causal gene; 
however, this is not always the case. 
Sophisticated statistical genetics methods, as 
well as a combination of additional evidence of 
gene expression, can be used to provide sup- 
portive evidence for the causal gene. 

Since the development of array-based geno- 
typing techniques and their complementary 
software tools to assess the results of these 
arrays, GWAS have become an increasingly 
relied-upon tool to determine the genetic 
causes for gynecologic diseases. GWAS rely on 
comparing the genotyping results from large 
homogeneous affected and unaffected patient 
populations to determine a genetic association. 
Ovarian physiology, especially in relation to 
folliculogenesis, has been a pivotal focus of 
GWAS, particularly in the setting of PCOS 
[52]. One of the hallmarks of PCOS is hyperan- 
drogenemia. This is thought to be due to con- 
tributions from ovarian theca cells and adrenal 
cells from the zona reticularis. The link 
between these cells is indicated by the con- 
comitant suppression of androgen production 
from these cells with the use of combined oral 
contraceptives and insulin-sensitizing agents 
[53,54]. Since 2011 five studies have been pub- 
lished which have identified 16 loci associated 
with this condition. In a study by Day et al., 
this group looked at 5128 subjects with PCOS 
and 82,759 controls and found six loci at 
genome-wide statistical significance, near the 
genes ERBB4/HER4, YAP1, THADA, FSHB, 
RAD50, and KRR1 (Fig. 2.3) [55]. Chen et al. 
looked at 744 PCOS patient and 895 controls 
and found three loci associated with PCOS, 
namely on chromosome locations 2p16.3 
(rs13405728), 2p21 (1s13429458), and 9q33.3 
(rs2479106) [56]. Shi et al. found seven signal 
loci indicative genes involved in insulin sig- 
naling, sex hormone function, and type two 
diabetes mellitus. These included DENND1A, 
INSR, YAP1, C9orf3, RAB5B, HMGA2, TOX3, 
SUMOI1P1/ZNF217, THADA, FSHR, and 
LHCGR [57]. Several subsequent GWAS 
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FIGURE 2.2 Genome-wide association studies (GWAS) map of all disease-associated single-nucleotide polymorphisms 
(SNPs) for each of the 23 chromosomes. Each color dot corresponds to the physiologic system studied. Source: Derived from 
the GWAS catalog, https://www.ebi.ac.uk/gwas/diagram. 
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FIGURE 2.3 Example of a Manhattan plot outlining significant genes identified in metaanalysis of genome-wide associ- 
ation studies (GWAS). Source: From Day F, Karaderi T, Jones MR, Meun C, He C, Drong A, et al. Large-scale genome-wide meta- 
analysis of polycystic ovary syndrome suggests shared genetic architecture for different diagnosis criteria. PLoS Genet 2018;14(12): 
e1007813. 


further confirmed the association of Although the association of several of the 
DENNDI1A and THADA genes with PCOS, GWAS candidate genes such as FSHR and 
with the study by Louwers et al. also confirm- | LHCGR (LH receptor) are expected based upon 
ing the association with FSHR, C9orf3, LHCGR, _ the known pathophysiology of PCOS, it has yet 
SUMO1P1, and YAP1 [9,58,59]. to be determined the exact role of many of the 
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genes found in GWAS of PCOS. Inactivating 
mutations of FSHR have been shown to halt 
follicle development at the preantral stage as is 
seen in PCOS. Numerous mutations in FSH 
have been tested in cell culture systems; how- 
ever the mutations tested have shown similar 
FSH binding and signal transduction [31,60]. 
The LH receptor, like FSHR, is a G-protein- 
coupled receptor. It allows the preovulatory 
follicle to be receptive to the LH surge in the 
middle of the menstrual cycle. Inactivating 
mutations of LHCGR have been associated 
with increased ovarian size, increased LH 
levels, and oligomenorrhea [61]. Conversely, 
numerous mutations thought to activate the 
LH receptor have not been associated with the 
hyperandrogenemia that is thought to arise 
from ovarian thecal cell dysfunction [62]. 

A major limitation to this approach is the risk 
of confounding at the very least by ethnicity. 
Therefore stratification of populations via ethnic 
or racial divides could help mitigate, but likely 
not completely eliminate, this confounding 
effect. This limitation leads to a high false- 
positive rate for case—control studies, which is 
exacerbated by a lack of possible causal relation- 
ships. In contrast, when a causal relationship is 
possible, such as variants in human leukocyte 
antigen antigens and autoimmune disease, con- 
sistent associations can be found [63]. 

Despite the statistical power of GWAS, poly- 
genic diseases remain hard to comprehend 
fully. In recent years additional statistical 
methods have been developed to harness the 
full power of GWAS. Metaanalysis of GWAS is 
a way to add statistical power by combining 
many studies together. In PCOS, this was per- 
formed by Day et al., and clearly showed the 
genomic areas involved in this disease [64]. 

Another statistical tool aims to calculate the 
risk of inheriting several disease loci discov- 
ered in GWAS. This is called a polygenic risk 
score (PRS) and takes into consideration the 
population frequency of an allele multiplied by 
the effect size found in GWAS. A high PRS 


signifies that an individual has inherited a 
large percentage of the risk alleles, or some 
alleles that confer more risk than others. PRS 
has been calculated in PCOS by Lee et al. [65]. 


Whole-genome sequencing/whole-exome 
sequencing 


Although significant progress has been 
made using indirect genetic markers to dis- 
cover genes associated with disease, DNA 
sequencing and, in particular, next-generation 
sequencing (NGS) has brought a new level of 
investigative power [66]. The big advantage of 
NGS versus GWAS is the potential to screen 
rare and common variants simultaneously and 
to pinpoint the causal gene with higher confi- 
dence. The biggest disadvantages are cost and 
a very large volume of data that require spe- 
cialized analysis methods. 

Many years ago, Sanger sequencing pro- 
vided the means for genomics advancement 
with the development of DNA sequencing 
using dideoxynucleotides by Prof. Frederick 
Sanger’s lab at Cambridge University in the 
early 1970s [67]. This technique was further 
refined with the advent of fluorescently labeled 
dideoxynucleotides and capillary electrophore- 
sis in 1986 and 1999, respectively. However, in 
approximately 2005, a revolution in sequencing 
arose with the introduction of massively paral- 
lel sequencing. Briefly, this method involved 
tagging fragments of DNA to oligonucleotide 
primers which are unique to a_ respective 
sequencing platform. These primers bind in 
complementary fashion to oligonucleotides on 
a bead or flat glass microfluidic channel. Each 
bound length of DNA is termed an amplifica- 
tion locus. Then DNA amplification is tracked 
digitally at each amplification locus. This 
allows for amplification and sequencing to 
happen nearly simultaneously [68]. NGS is 
constantly evolving, both in the chemistry and 
hardware used. 
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The current Illumina protocol leads to reads 
approximately 150 bp with error rates in the 
range of 0.1%—0.5%. Second is the long-read 
method of NGS using single molecule techniques 
from Pacific Biosciences which yields 10—100 
kilobase (kb) reads. Unfortunately, with the lon- 
ger read length comes a higher error rate of 
10%—15%. Finally, the third method, called 
linked-read WGS, uses barcoded short-reads 
synthesized from longer lengths. Given this wide 
disparity in error rates and cost, the majority of 
genetic studies have utilized short-read WGS. 

To decrease the chance for error in WGS, 
repeated reads over multiple randomly fragmen- 
ted DNA targets is needed to ensure that a muta- 
tion is genuine and not an error. The greater the 
number of targets the deeper the sequencing 
needs to be. For rare mutations, approximately 
30 reads or more (30 X coverage) are needed to 
detect a mutation or de novo heterozygous vari- 
ant. To detect somatic mutations in tumors 
much deeper sequencing of 100 or more is 
necessary, because not all cells will contain the 
same variants. Upon completion of sequencing, 
the task then becomes to reassemble and inter- 
pret the DNA reads. The first step in reassem- 
bling a genome from millions of sequences is to 
align it to a reference genome [69,70]. 

The two main types of NGS are whole-exome 
sequencing (WES) and whole-genome sequenc- 
ing (WGS). WES and WGS refer to sequencing 
the entire gene or coding regions of the gene by 
NGS and not by Sanger sequencing. WES is a 
variation on WGS in which only the portion of 
the genome that codes for proteins is sequenced. 
Therefore only 1%—1.5% of the whole genome 
undergoes sequencing. The first step in identify- 
ing the exome or region of interest in the exome 
is by hybridizing fragmented DNA to an array 
or solution-based system of oligonucleotides 
specific to the coding regions of DNA, deemed 
direct genomic selection [71]. 

The biggest hurdle of WGS/WES is to 
assign pathogenicity to the identified variants. 
The American College of Medical Genetics has 


published a suggested method of variant eval- 
uation, to help classifying variants [72]. The 
incidence of variants in the population scale 
remains one of the best indications of pathoge- 
nicity. The Exac and gnomAD databases devel- 
oped by the Broad Institute provide a valuable 
resource for variant frequency in different 
populations [73]. 

Urbanek et al. utilized WGS to analyze 
genetic variants in PCOS. They sequenced the 
genomes of 80 patients with PCOS and 24 con- 
trols without PCOS. They found 24 rare var- 
iants of the AMH gene among both groups 
with 18 of the variants specific to women with 
PCOS. Seventeen of these variants showed sig- 
nificant decreases in AMH signaling based 
upon dual luciferase assays [74]. 

Exome sequencing has been applied to 
gynecology in the setting of POI. A recent 
study by a Colombian-French collaboration 
using WES demonstrated the polygenic nature 
of POI. This group extracted DNA from 69 
women with POI. Fifty-five gene variants were 
identified in 49 candidate genes in 48% of the 
patients. The presence of a minimum of two 
mutations in separate genes in 42% of the 
patients supported the polygenic basis for POI. 
Several mutations in the genes BMPR1B and 
GREMI1 were validated using computational 
modeling tools to simulate the molecular inter- 
actions of the amino acid changes these muta- 
tions led to. These simulations showed all of 
these mutations to have some pathogenic con- 
sequence [75]. Additional pathogenic variants 
in the PMM2, MCM9, and PSMC3IP genes 
were identified in French POI patients, demon- 
strating the polygenic architecture of this dis- 
ease [76]. 


Multimodal approaches and systems 
biology 


According to Kirschner, systems biology 
involves the analysis of the interaction of 
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biological processes through its molecular com- 
ponents [77]. Systems biology seeks to deter- 
mine possible connects between genotype and 
phenotype. It does this by using physical prin- 
ciples and data from molecular biology to 
determine the interactions underlying various 
physiologic and disease states. The four aspects 
of this method are quantitative measurement, 
theory, modeling, and reconstruction. 
Although the theoretical basis for systems biol- 
ogy comes from the disciplines used to model 
component behavior in physics and engineer- 
ing, biological systems provide a far greater 
degree of variation. Admittedly, this has led to 
an occasional inconsistency and incomplete 
picture of how some model systems may work. 
Nonetheless, the role of combining mathemati- 
cal modeling to better understand the ever- 
expanding fund of genomics is being increas- 
ingly accepted [78]. 

Several gynecologic conditions have been 
investigated using systems biology. One of 
these is endometriosis, where Matthew et al. 
used data from human endometrial microar- 
rays to show that FOXD3 is an essential regula- 
tor of gene expression of secretory phase 
endometrium and endometriosis. They then 
confirmed the role of FOXD3 by measuring 
protein and RNA levels in endometrial stromal 
cells and demonstrating downregulation of the 
FOXD3 with Levonogestrel treatment [79]. 

Since GWAS results still remain the richest 
database of disease associations, the need to 
identify the causal gene is important. 
Association of different alleles of significant 
SNPs with expression of nearby genes is 
deployed. These SNPs are called eQTL or 
pQTL, for expression quantitative trait loci and 
protein quantitative trait loci, respectively [80]. 
Protein—protein interaction networks are also 
used to identify the gene from within the 
GWAS locus that forms complexes with other 
proteins relevant to disease [81]. To our knowl- 
edge, these methods have not been applied to 
reproductive disorders yet. 


Genetic architecture of multifactorial 
diseases—area of artificial intelligence 


With the profound advances in DNA 
sequencing, genomics, transcriptomics, and 
studies of the epigenome, the amount of 
genetic information available has _ vastly 
expanded. To utilize this information to deter- 
mine new associations and patterns, machine 
learning had emerged as a new tool. The area 
of machine learning deals with the application 
of computer algorithms that adapt and develop 
with increasing iterations of data processing. 
This process generally involves three stages. 
The first involves algorithm development. 
Second, the algorithm is given a bank of data 
such as a list of variants for a given gene/dis- 
ease and other complementary data, clinical, 
spatial, and temporal gene expression, and 
protein—protein interactions. From this list a 
model is developed and stored. Third, other 
types of data, for example, a list of unlabeled 
sequence variants, are provided to the algo- 
rithm which then attempts to predict which of 
the sequences has a pathogenic variant. The 
percentage of correct predictions is the mea- 
sure of success for the algorithm [82]. Machine 
learning has been applied to identify enhan- 
cers, splice sites, and promoters [83,84]. In 
addition, machine learning has been used to 
analyze other genomic data such as microar- 
ray, RNA-sequencing expression data, and 
even chromatin accessibility assays such as 
DNase-seq and ChiP-seq. The applications of 
machine learning even extend to gene ontology 
and determining functional relationships 
between various genes [85]. 

PCOS has also become a focus for machine 
learning technologies. Shen et al. in 2013 used 
genome-wide methylated DNA immunopre- 
cipitation (MeDIP-chip) to characterize the 
PCOS methylome compared to controls. 
Seventy-nine genes were found to be differen- 
tially methylated between insulin-resistant and 
insulin-sensitive patients and 40 genes were 
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differentially methylated between PCOS 
patients and controls. Gene ontology analysis 
indicated differential methylation in immune 
response genes and various genes involved in 
RNA and DNA replications and nucleotide 
metabolism [86]. A case—control study was 
also carried out in China using MeDIP-chip 
and showed methylation was higher outside 
of gene bodies in women with PCOS. 
Furthermore, machine learning analysis of 
microarray data predicted numerous genes 
such as SLC2A8, NRIP1, IGF2BP2, CYP19A1, 
and AMHR2 to be hypermethylated. This 
degree of hypermethylated and decreased gene 
expression was confirmed using methylation- 
specific polymerase chain reaction [87]. 
Determining a genetic basis for endometri- 
osis has been one of the tasks for machine 
learning. Endometriosis is a disease character- 
ized by the presence of endometrial tissue out- 
side the endometrium and affects 5%—10% of 
all reproductive-age women [88]. The risk of 
endometriosis is greater in patients who have a 
family history of the condition [10,89]. 
Fassbender et al. looked at the mRNA expres- 
sion data in eutopic endometrium in patients 
with and without endometriosis. These groups 
showed a difference in mRNA expression 
between the menstrual endometrium and 
luteal endometrium in patients with endome- 
triosis. Furthermore, they used proteomic anal- 
ysis to identify four protein peaks that are 
differentially expressed in luteal phase endo- 
metrium (used as the training set) that have a 
sensitivity of 91% and specificity of 95% for 
endometriosis [90]. An enhancement of 
machine learning is the use of an artificial neu- 
ral network which attempts to mimic the pro- 
cessing strategy of neurons in order to enhance 
selective and predictive power when interpret- 
ing a data set [91]. This approach was com- 
bined with proteomics in similar fashion by 
Wang et al. in two papers using surface- 
enhanced laser desorption/ionization time-of- 
flight mass spectrometry protein chip array 


methods. In each study, the group was able 
to find a novel set of biomarkers for endo- 
metriosis [93]. 


Summary 


Determining the genetic basis for gyneco- 
logic conditions ranging from endometriosis to 
POI has been both elusive and fruitful. Older 
techniques such as linkage analysis have 
resulted in some successes such as the discov- 
ery of the BRCA1 and BRCA2 genes, and 
hereditary breast and ovarian cancers. 
However, with the advancement of sequencing 
technologies and the additional data coming 
from RNA sequencing and epigenetics, the 
potential for discovering new target genes has 
vastly expanded. The development of techni- 
ques to better interpret and model the rele- 
vance of these genetic targets has 
concomitantly improved. They have enhanced 
our ability to discover the genetic basis for 
gynecologic disease beyond our capabilities 
even a decade ago. The impact of genetic dis- 
coveries on patient care, including better 
understanding of pathophysiology, diagnos- 
tics, disease prevention, and drug develop- 
ment, has grown exponentially. During the last 
decade, fascinating genetic discoveries are 
being deployed to realize the aspirations of 
precision medicine. 
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Introduction 


Cytogenetics is the study of chromosome 
structure and properties, including chromo- 
somal behavior during somatic cell division in 
growth and development, mitosis, germ cell 
division in reproduction, meiosis, chromosomal 
influence on phenotypes, and factors that cause 
chromosomal changes [1]. Chromosomal anal- 
ysis provides valuable information about a per- 
son’s genetic constitution because normal 
chromosomes have constant morphology and 
size. Furthermore, chromosomal anomalies 
result in numerous genetic diseases and are 
responsible for gestational losses, implantation 
failures, and congenital malformations. 

Early cytogenetic analysis techniques, such as 
Casperson’s fluorescent stains [2—4], uniformly 
stained chromosomes so that they could not be 
distinguished from one other. Differential stain- 
ing techniques subsequently improved cyto- 
genetic analysis. Pardue and Gall developed the 
first nonfluorescent banding technique, Giemsa 
stain [5]. Banding was further improved by 
Yunis’s development of high-resolution band- 
ing, a technique that synchronizes lymphocyte 
cultures to obtain higher numbers of cells 
in stages called prometaphase or prophase, 
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increasing the resolution from 500 to over 
1000 bands in a haploid genome [6]. 

Chromosomes are divided by a primary 
constriction called the centromere between the 
short or p arm (p from the French word petite) 
and long or q arm (q from the French queue,). 
The centromere is a reference point of a chro- 
mosome. Metaphasic chromosomes are classi- 
fied according to the length of the p and q arms 
and position of the centromere (metacentric, 
submetacentric, acrocentric, or telocentric). 
Chromosome ends are called telomeres. Each 
arm of the chromosome is divided into 
regions, which are divided into bands. A band 
is defined as part of a chromosome, that is, 
clearly distinguishable from adjacent segments 
by appearing darker or lighter with one or 
more banding techniques [7]. 

Bands contain approximately 5—10 mega- 
bases of DNA and reflect the functional organi- 
zation of the genome to regulate DNA 
replication, repair, transcription, and genetic 
recombination. Regions and bands are num- 
bered from the centromere to the telomeres. 
The centromere does not form a band and is 
designated as 10 but is not shown on idiograms 
(the diagrammatic chart of chromosomes). The 
two regions adjacent to the centromere are 
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FIGURE 3.1 Localization of cytoband 1q25.3 [7]. 


labeled 1 in each arm, the next more distal 
regions are labeled 2, and so on. If a band is 
subdivided, a decimal point is placed after the 
name of the band, followed by the number 
assigned to the sub-band. Sub-bands are num- 
bered sequentially from the centromere to the 
telomere. A band is usually subdivided into 
three sub-bands. A specific band is designated 
by chromosome number followed by arm sym- 
bol (p or q), region number, band number, and 
subband number, without spacing or punctua- 
tion [7]. For example, the name of sub-band 3, 
band 5, region 2 of the q arm of chromosome 1 
is 1q25.3 (Fig. 3.1). 


Karyogram, karyotype, and idiogram 


The terms karyogram, karyotype, and idio- 
gram are often used indiscriminately. 
However, karyogram refers to a systematized 
array of chromosomes prepared either by 
drawing, digitized imaging, or photography, 
with the extended meaning that chromosomes 
of a single cell can typify chromosomes of an 
individual or even species. Karyotype 
describes the normal or abnormal chromo- 
somal complement of an individual, tissue, or 
cell line. Idiogram is a diagrammatic represen- 
tation of a karyotype [7]. 

At the 1971 Paris Conference, an international 
nomenclature system for human chromosomes 
was established based on G-band_ patterns. 
These standards, known as the International 
System of Chromosome Nomenclature (ISCN), 
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have been updated over the years and have 
allowed standardized descriptions of normal 
and_ pathological karyotypes. The Paris 
Conferences of 1971 and 1975 proposed to 
organize the 46 human chromosomes in pairs 
numbered from 1 to 22 (autosomes) in order of 
decreasing length, except for chromosome 21, 
which is shorter than chromosome 22, and the 
two sex chromosomes X and Y (Fig. 3.2). 

The chromosomal formula summarizes a 
detailed description of an individual’s karyo- 
type using a series of abbreviations and 
symbols (Table 3.1). A chromosomal formula 
begins with the total number of chromosomes 
followed by sex chromosome constitution, 
separated by a comma _ without spaces 
(normal male: 46,XY and normal female: 
46,XX). If there are structural abnormalities, 
chromosomal alterations are formulated after 
the sex chromosomes, such as: translocation 
46,XX,t(11;16)(q13;q22); deletion 46,XY,del(22) 
(q11.2); and inversion 46,XX,inv(7)(p13q22.1). 

A standard karyotype has around 
400 +500 bands per haploid genome, and 
deletions or duplications of >10 Mb can be 
detected. High-resolution karyotype can 
achieve up to 1000 bands per haploid 
genome; at this level of resolution, an alter- 
ation of 3+5Mb can be detected [8]. 
Cytogenetic laboratories evaluate resolution 
by identifying and scoring landmarks on 
chromosome images (Table 3.2). At least three 
landmark criteria are needed to indicate 
band-level resolution [9], which laboratories 
specify in karyotype reports (Fig. 3.3). 
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FIGURE 3.2 High-resolution karyotype of 
peripheral blood showing a normal female karyo- 
type (46,XX). Source: IVIRMA Murcia. 


TABLE 3.1 Abbreviations and symbols most frequently used by International System of Chromosome Nomenclature [7]. 


add Additional fra__‘ Fragile site Minus sign (—) _Loss, decrease in length, locus r Ring 
material of absent from a specific chromosome chromosome 
unknown 
origin 
cen Centromere i Isochromosome mos Mosaic rob Robertsonian 
translocation 
chr Chromosome ins Insertion P Short arm of chromosome s Satellite 
del Deletion inv Inversion pat Paternal origin stk Satellite stalk 
der Derivative ish Insitu Plus sign (4) Additional normal or abnormal subtel Subtelomeric 
chromosome hybridization chromosome, increase in length, 
locus present on a specific 
chromosome 
dic Dicentric male Male pter Terminal end of short arm t Translocation 
dup Duplication mar Marker q Long arm of chromosome ter Terminal 
chromosome 
fem Female mat Maternal origin qter Terminal end of short arm 
Most frequent karyotype abnormalities | of chromosomes (normal sperm or normal 


oocyte) are denoted as haploid. Chromosomal 
Ploidy is the number of chromosome sets in abnormalities can be caused by changes in 

a cell. In humans, a normal somatic cell has chromosome number or structure. 
two sets of chromosomes, one inherited from 
the mother and one inherited from the father, 
and is called diploid. Gametes with a single set 


1. Numerical abnormalities are defined as an 
abnormal number of chromosomes and are 
subclassified as follows. 


A. Fundamentals of genetics 


36 


3. Cytogenetics techniques 


TABLE 3.2 Giemsa banding (G-banding) evaluation 


score [9]. 

300 Two dark bands on 8p (8p12 and 8p22) 

band Three dark bands on 10q (10q21, 10q23, and 
10q25) 
20p12 visible 
22q12 distinct 

400 Three dark bands on mid-4q (q22—28) 

band Three dark bands mid-5q (5q14, 5q21, and 5q23) 
Two dark bands on 9p (9p21 and 9p23) 
13q33 distinct 

500 7q33 and 7q35 distinct 

band Three dark bands on 11p (11p12, 11p14, and 
11p15.4) 
14q32.2 distinct 
Four dark bands on 18q (18q12.1, 18q12.3, 
18q21.2, and 18q22) 

550 5q31.2 distinct 

band 8p21.2 visible 
Two dark bands on 11pter (11p15.2 and 11p15.4) 
22q13.2 distinct 

700 2p25.2 distinct 

band 2q37.2 distinct 
10q21.1 and 10q21.3 resolve 
17q22—24 resolves into three dark bands 

850 4p15.31 and 4p15.33 distinct 

band 5p15.32 distinct 


11q24.1 and 11q24.3 distinct 
19p13.12 and 19p13.2 distinct 


. Aneuploidies are gains (trisomies) or 


losses (monosomies) of one or more 
chromosomes. Viability of a trisomic 
embryo depends of the chromosome 
involved. Most trisomic embryos finish 
as early pregnancy loss. Trisomies of 
chromosomes 13, 18, and 21 are the only 
nonmosaic viable autosomal trisomies in 
humans. All other nonmosaic trisomies 
that affect autosomes are generally 
nonviable. Chromosomes 13, 18, 21 and 
chromosomes 8, 9, 20, and 22 may be 
viable in a mosaic form. However, most 
fetuses with sexual trisomies survive up 
to birth. Full monosomies are extremely 
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FIGURE 3.3 Idiograms of Giemsa banding (G-banding) 
patterns for normal human chromosome 1 at (left to right), 
approximately 300-, 400-, 550-, 700-, and 850-band level 
resolutions [7]. 


rare in liveborns. Monosomy X (Turner 
syndrome) is a single viable monosomy 
(45,X0) in mosaic and nonmosaic forms. 
Aneuploidy (trisomy or monosomy) is 
the most common chromosome 
abnormality, occurring in at least 5% of 
all clinically recognized pregnancies. 
About 1 in 3 miscarriages is aneuploid, 
with monosomy X (45,X) and trisomy 16 
the most common [10]. 

b. Mosaicism is defined as two or more 
different genetic cell lines in one 
individual. The presence of more than 
one cell line confined to the gonads is 
called germinal mosaicism, in which 
chromosomal abnormality occurs only in 
gametes. In preimplantation embryos, 
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mosaicism rates are 6%—8.5%, although 
some groups report up to 21%. Mosaic 
embryos are characterized by decreased 
implantation and pregnancy potential, as 
well as increased risk of miscarriage and 
adverse perinatal outcomes [11]. This 
result is consistent with cytogenetic 
analysis of products of conception (POC) 
that shows that embryonic mosaicism is 
~ 6% in natural conception and ~5% in 
pregnancies from Assisted Reproductive 
Treatment (ART) [12]. 

c. Polyploidy is an abnormality in the 
number of a full set of chromosomes, and 
polyploid fetuses are usually nonviable. 
Triploidy is characterized on extra 
haploid set of chromosomes that occurs 
in up to 3% of recognized human 
conceptuses and in ~20% of 
chromosomally abnormal first-trimester 
spontaneous miscarriages [13]. Triploidy 
is estimated to occur in 1 of 3,500 
pregnancies at 12 weeks, 1 in 30,000 at 16 
weeks, and 1 in 250,000 at 20 weeks of 
gestation [13]. The majority of fetuses 
with triploidy are spontaneously 
miscarried at 7—17 weeks of gestation 
[14,15]. Tetraploidy is the presence of 
four haploid sets of chromosomes, and is 
generally observed in ~2% of first- 
trimester miscarriages, although some 
studies report higher incidences due to 
diploid/tetraploid mosaicism [16]. Most 
tetraploid gestations arrest spontaneously, 
although a few cases of liveborns have 
been reported [17]. 

2. Structural abnormalities are 
rearrangements within or between 
chromosomes and can be classified as 
follows: 

a. Balanced rearrangements occur when 
there is a rearrangement with no loss or 
gain of genetic material, and they usually 
do not lead to phenotypic abnormalities. 


The most common balanced 
rearrangements are as follows: 

i. Translocations refer to interchange of 
a chromosomal fragment between 
two or more chromosomes. There are 
two types of translocations, 
Robertsonian and reciprocal 
translocations. Robertsonian 
translocations involve two 
acrocentric chromosomes (13, 14, 15, 
21, and 22) joined at the centromere. 
Loss of the short arm of acrocentric 
chromosomes does not result in 
phenotypic alterations because they 
only contain rRNA genes. The 
incidence of Robertsonian 
translocations is 0.1% in the general 
population, 1.1% in patients with 
Recurrent Pregnancy Loss (RPL), and 
3% in infertile men [18,19]. 
Reciprocal translocations involve 
nonacrocentric chromosomes and are 
one of the most common 
chromosome structural abnormalities, 
with an incidence of 0.2% of human 
newborns [20,21]. Both types of 
translocations can be inherited or de 
novo. In de novo translocations, an 
apparently balanced rearrangement 
can disrupt genes located near the 
breakpoints and have clinical 
consequences. Inherited balanced 
translocations are commonly 
innocuous for the carrier, although 
the carrier is at risk of producing 
offspring with unbalanced gametes. 
The risk of the imbalance depends on 
the size of the involved chromosomal 
regions and which parent is the 
carrier. The risk of having abnormal 
offspring is specific for each 
translocation event. 

ii. Inversions are rearrangements that 
occur when a single chromosome 
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breaks at two points and rotates 180 
degrees. In a pericentric inversion, 
the inverted region contains the 
centromere; in a paracentric 
inversion, the inverted region does 
not contain the centromere. 
Excluding variant forms, pericentric 
inversions are estimated to have a 
frequency of ~0.12%—0.7% [22], and 
paracentric inversions are estimated 
to have a frequency of 0.1%—0.5% 
[21,23,24]. Carriers of inversions are 
at risk of having offspring with 
unbalanced karyotypes. This risk 
depends of the implicated 
chromosome and the length of the 
inverted segment [27—29]. 


iii. Fragile sites are specific loci that 
preferentially exhibit gaps and breaks 


on metaphase chromosomes 
following partial inhibition of DNA 
synthesis [30]. Fragile sites can be 
classified in three categories 
according to their behavior under 
different culture conditions [31,32]: 
folate-sensitive fragile sites (2q11, 
2q13, 6p23, 7p11, 8q22, 9p21, 9q32, 
10q23, 11q13, 11q23, 12q13, 16p12, 
20p11, 22q13, and Xq27); fragile sites 
at 16q22 and 17p12, which are not 
affected by folate concentration but 
their expression can be enhanced by 
distamycin A or bromodeoxyuridine 
(BrdU) [33,34]; and fragile site 
10q25, which can be induced by 
BrdU [35,36]. 


b. Unbalanced rearrangements occur when 


ii. 


iii. 


Vv 


produce partial chromosomal 
monosomies. Cytogenetically visible 
deletions occur in 1 in ~ 7000 live 
births [36]. Another study showed 
4.7% of all reported chromosome 
abnormalities are deletions, 
including microdeletions, giving a 
prevalence of 1.99 per 10,000 

births [37]. 

Duplications are structural 
abnormalities consisting of gain of 
chromosomal fragments that 
produce partial chromosomal 
trisomies. Duplications are less 
common, with a prevalence of 0.7 
per 10,000 births and representing 
1.6% of all reported chromosome 
abnormalities [37]. 

Insertions occur when a 
chromosomal segment is moved and 
inserted, directly or inverted, into 
the same or another chromosome. 
Insertion events are frequent, with 
an reported incidence of 0.2% [38] or 
0.18% [39]. Another study 
demonstrated that ~2.1% of 
apparently de novo interstitial copy 
number variations (CNVs) are 
actually consequences of imbalances 
resulting from parents with balanced 
insertions [40]. 


iv. Isochromosomes are chromosomes 


with two equal arms, in which one 
arm is duplicated and the other is 
deleted. 


. Ring chromosomes originate when 


there is a break in a chromosome at 


there is a rearrangement with loss or gain 
of genetic material, causing an abnormal 
phenotype. The most common 
unbalanced rearrangements are as 
follows. 
i. Deletions are structural 
abnormalities consisting of loss of 
chromosomal fragments that 


two points followed by rejoining in a 
ring structure. Phenotypes 
associated with ring chromosomes 
are highly variable. If there is an 
addition to the primary deletion 
associated with ring formation, then 
a loss or gain may occur due to ring 
chromosome instability [41]. There 
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are also reports of ring chromosomes 
without clinical consequences apart 
from possible infertility [42]. 
Constitutional ring chromosomes are 
a rare type of intrachromosomal 
structural abnormality with an 
estimated occurrence of 1 in 50,000 
newborns [43]. 

xvi. Small supernumerary marker 
chromosomes (sSMC) are 
structurally abnormal chromosomes 
that are smaller than a normal 
chromosome, and they are rarely 
identifiable by conventional banding 
cytogenetic analysis [44]. Phenotypic 
effects of SSMCs depend on factors 
such as size, genetic content, and 
level of mosaicism [45]. The 
presence of an sSMC can cause 
partial trisomy or tetrasomy [46]. 
Frequency in the general population 
is estimated at ~ 0.04% [47]. 


Heteromorphisms, polymorphisms, 
or normal variants 


There are heritable variants in specific chro- 
mosomal regions that have no proven impact 
on the patient’s phenotype. These variants are 
called heteromorphisms, polymorphisms, or 
normal variants [48], and are generally inher- 
ited but can occur de novo. In some published 
studies, chromosome heteromorphisms are 
reported to be more frequent in infertile cou- 
ples than the normal population [49—51], espe- 
cially on chromosomes 1, 9, 16, and Y [49]. An 
increased frequency of polymorphic variants 
has been shown among infertile patients 
(19.4% vs. 13.4% in controls; P< .01) [52]. The 
most normal variants are listed in Table 3.3. 


¢ Large heterochromatin refers to a variable 
amount of heterochromatin below the 
centromere in the proximal q arm of 


TABLE 3.3. Most common normal variants. 


Heteromorphism Nomenclature Examples 


Large gh+ Igh+,9qh+, and 
heterochromatin 16gh + 
Pericentric inv inv(9)(p12q13) and inv 
inversion (9)(p11q13) 
Variant satellite stk + /stk— 13pstk + and 14pstk — 
region 
s+/s— 15ps + , 21ps —, and 

22ps + 

Variant Yqh +/— Yqh+ and Yqh— 


chromosomes 1, 9, and 16. In general, there 
is no clinical consequence. 

¢ Variant Ygh indicates that part of the Y 
chromosome contains only heterochromatin 
in the distal long arm (Yqh). The Ygh region 
has variable size, a small Yqh is designated 
Yqh—, while a large Yqh is designated Yqh + . 

¢ Pericentric inversions: Generally, they have 
no clinical consequence. One of the most 
common is pericentric inversion of 
chromosome 9, including inv(9)(p12q13) and 
inv(9)(p11q13) [53]. The most common is inv 
(9)(p11q12)/(p11q13), which is present in 
1%—3% of the population [54]. 

¢ Variant satellite regions indicate that stalk 
and satellite regions of acrocentric 
chromosomes can be larger or smaller than 
normal, or satellites may appear as double 
satellites. If no euchromatin is affected, they 
are considered normal variants. 


Tissue culture techniques and 
chromosome preparation 


To perform chromosomal analysis, cells 
should be grown and divided in culture. 
Metaphase chromosomes are then collected 
and stained with specific dyes for microscopic 
analysis. Chromosome analysis can be _per- 
formed on a variety of specimen types. 
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TABLE 3.4 Typical acceptable failure rates by specimen 
type (Modified table from [55]). 


Accepted culture 


Specimen type failure rate (%) 
Amniotic fluid and chorionic villus 5—10 

sampling 

Products of Conception (POC) 5-42 
Peripheral blood 1-5 


The most common specimens in reproductive 
medicine are amniotic fluid and chorionic vil- 
lus sampling for prenatal studies, peripheral 
blood for postnatal studies, and fetal tissue 
from POC [55]. Protocols for sample processing 
differ according to the sample type. 

Cell cultures can be contaminated by the 
presence of bacteria or fungi in the specimen 
itself, at the time of collection, during transport, 
or in the laboratory [56]. Usually, antibacterial 
and antifungal products are used in the labora- 
tory to minimize contamination. Some protocols 
also can reduce or remove contamination to 
enable successful karyotyping. However, con- 
tamination is sometimes the cause of culture 
failure. In other cases, chromosomal abnormali- 
ties themselves or the status of the sample can 
cause culture failure (Table 3.4). 


Cell culture for standard karyotypes in 
peripheral blood 


The most common cytogenetic analysis is 
karyotype of T lymphocytes from peripheral 
blood. Culturing lymphocytes for cytogenetic 
analysis is a relatively simple technique that 
was initially reported by Moorhead et al. [45] 
(Table 3.5) [57]. Peripheral blood is collected in 
a tube with heparin to avoid coagulation, and 
then a blood sample is cultured with culture 
medium and antibiotics to avoid microbial 
contamination. T lymphocytes in culture are 
stimulated with mitogens for a few days and 
then treated with mitotic spindle inhibitors to 
arrest dividing cells at metaphase. Cells are 


TABLE 3.5 Cell culture protocol for standard 
karyotype. 


Cell culture 


Blood collected in sterile tubes containing anticoagulant 
heparin 


Whole blood leukocytes separated from red blood cells or 
purified lymphocytes put in a tube with culture medium 
supplemented with serum and antibiotics 


Mitogen [phytohemagglutinin (PHA)] added to induce 
mitosis [58]. PHA is a lectin extracted from Phaseolus 
vulgaris that interacts with glycoproteins present on the 
surface of T cells and stimulates proliferation 


Cultures incubated at 37°C for 72 or 96 hours in an 
incubator, shaken at least twice daily to increase mitosis 


Colchicine or colcemid added to cultures a few hours 
before harvesting to arrest cells in metaphase. Colcemid is 
a synthetic analogue of colchicine, an alkaloid derived 
from Autumn crocus, that exerts an antimitotic effect by 
blocking formation of the mitotic spindle, preventing cells 
from advancing to anaphase 


Harvest 
Tubes centrifuged after incubation for 72 hours 
Supernatant discarded and cells resuspended 


Hypotonic treatment of fresh potassium chloride solution 
(KCI, 0.075 M) added. Osmosis causes inflammation of 
cells, dispersing chromosomes [25,26] 


Tubes centrifuged, supernatant discarded, and pellet 
resuspended 


Fixation 


Carnoy’s solution (3:1 methanol and glacial acetic acid) 
used for fixation and several washings 


Extension 


Cell suspension dropped on a clean slide to fix 
chromosomes 


Slides aged at room temperature for a few daysor in an 
oven 


Prepared slides are stained (banding) 


lysed with a hypotonic solution to release 
chromosomes from cell nuclei and separate 
chromosomes for counting. Chromosomes are 
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then fixed and spread on a slide, air-dried, 
and stained [57]. The number of chromosomes 
and presence of whole and/or partial chromo- 
somes are analyzed on a microscope. The cell 
culture protocol for a standard karyotype is 
summarized in Table 3.5. 


Cell culture for high-resolution karyotypes 
in peripheral blood 


The level of resolution of a karyotype is 
determined by the number of bands visualized 
in a haploid set of chromosomes (22 autosomes, 
X and Y) [7]. Resolution of chromosome analy- 
sis in a conventional karyotype remained rela- 
tively limited to 400—550 bands per haploid set 
until the development of high-resolution karyo- 
typing [6]. This technique synchronizes lym- 
phocyte cultures to obtain chromosomes in 
early stages of mitosis, such as prophase or pro- 
metaphase, when chromosomes are less con- 
densed. In a_ high-resolution karyotype, 
prometaphase chromosomes are obtained by 
incubating the culture with methotrexate 
(MTX) and then restarting cell division by add- 
ing thymidine to synchronize the culture [59]. 
The protocol then continues as a standard kar- 
yotype. Chromosomes in prometaphase have a 
band resolution of 550—850 bands or more in a 
haploid complement, so more bands can be 
observed with staining of G or R bands. High- 
resolution karyotypes are useful to confirm 
conventional karyotype results, to detect small 
structural anomalies in a chromosome, and to 
more precisely define the breakpoints of a chro- 
mosomal rearrangement. However, abnormali- 
ties detected in the karyotype must be 
confirmed by Fuorescent In Situ Hybridization 
(FISH) with specific probes or with another 
molecular cytogenetic technique. 


Chromosome banding techniques 


Until 1970, chromosomes were uniformly 
stained and ordered in pairs by size and 


morphology. In 1971, new techniques were 
developed that stained chromosomes in light 
and dark bands [60,61]. These bands showed 
different patterns that were consistent in each 
pair of paternal and maternal chromosomes. 
In metaphase chromosomes, banding techni- 
ques produce a series of landmarks that allow 
recognition of individual chromosomes and 
identification of specific segments of each chro- 
mosome. These landmarks allow assessment of 
normal chromosomes and_ identification of 
breakpoints if there is a rearrangement [62]. 

Different banding techniques with specific 
properties and applications have been devel- 
oped [63]. The banding pattern of a chromo- 
some is identical in all cells from an individual. 
In polymorphic regions, the banding pattern 
can differ from one individual to another. 
These banding patterns behave like a barcode 
that cytogeneticists can recognized to identify 
numerical and structural abnormalities, such 
as translocations, inversions, deletions, dupli- 
cations, fragile sites, and other more complex 
rearrangements, and refine breakpoints. For 
routine analysis, Giemsa banding (G-banding) 
is the most accepted banding technique and 
most commonly evaluates 20—25 metaphase 
cells [64]. 

Banding techniques fall into the following 
two groups [7]. 


Bands distributed along the length of the 
whole chromosome 


¢ Giemsa banding (G-banding, GTG) is the 
most commonly used technique for 
cytogenetic diagnosis [65]. GTG-banding 
uses the proteolytic enzyme trypsin as a 
pretreatment, followed by staining with 
Giemsa. G-banding can be visualized with a 
brightfield microscope. In general, Giemsa- 
positive bands (dark bands) are AT-rich, late 
replicating, and gene-poor, whereas Giemsa- 
negative bands (light bands) are CG-rich, early 
replicating, and relatively gene-rich [65]. 
Abnormalities detected by G-banding are 
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whole chromosome aneuploidies, balanced 
rearrangements, deletions, duplications, >20% 
mosaicism, SSMC (nonmosaic), and 
polyploidy. 

© Quinacrine banding (Q-banding, QFQ) was 
the first chromosome banding technique 
developed [3,66,67]. Q-banding exposes 
slides of metaphase chromosomes to the 
fluorescent DNA intercalating agent 
quinacrine, and chromosomes are viewed 
with a fluorescence microscope with UV 
illumination [1,62]. Fluorescent and bright 
bands are observed in contrast with other 
nonfluorescent bands. Bright Q-bands 
correspond to dark G-bands. 

¢ Reverse banding (R-banding, RHG) 
produces a pattern of bands that are the 
reverse of the Q- and G-banding pattern. R- 
banding is useful for visualization of 
telomeric ends of chromosomes. R-banding 
can be obtained with different methods, 
including one based on heating slides at 
88°C in a buffer and then staining with 
Giemsa [60,62]. 


Bands that stain specific chromosome 
structures 


¢ Centromeric heterochromatin staining 
(C-banding, CBG) uses mild alkali treatment 
and Giemsa dyes to stain centromeric 
regions of each chromosome and other 
heterochromatin-containing regions: 
acrocentric chromosomes 1q, 9q, and 16q 
adjacent to the centromere, and the distal 
portion of Yq. This banding is viewed with a 
brightfield microscope [62]. Polymorphic 
regions can be distinct yet not clinically 
significant in different individuals. 

¢ Nucleolar-organizer-region staining (NOR 
staining) is a technique that stains NOR 
regions [68] that contain genes for ribosomal 
RNA. NOR are located in the satellite stalks 
of acrocentric chromosomes 13, 14, 15, 21, 
and 22. Acrocentric chromosomes have long 
and short arms with stalks and satellite 


regions without euchromatic regions. This 
stain uses a silver nitrate solution and is 
viewed with a brightfield microscope [62]. 
NOR banding is useful to study some 
chromosome polymorphisms and to identify 
satellite stalks in nonacrocentric 
chromosomes. 

¢ T-banding stains telomeric regions of 
chromosomes. It is an R-banding variant 
developed by Dutrillaux [69] that only 
deeply stains telomeres. 

e FISH is a combination of a molecular 
technique and a cytogenetic technique that 
uses a fluorescent signal to identify a 
chromosomal region containing a 
determined sequence. This technique can be 
performed on conventional preparations 
used for karyotypes. A sequence localized in 
the region of interest is hybridized with a 
complementary DNA probe labeled with 
fluorescence [70—72]. There are DNA probes 
for specific centromeres, subtelomeric 
regions of each chromosome, and locus- 
specific probes. Subtelomeric probes allow 
identification of cryptic structural 
rearrangements that are not detected with a 


karyotype. 


Clinical indications for cytogenetic 
analysis 


Cytogenetic analysis in parents 


Genetic analysis has allowed identification 
of genetic changes that are responsible for 
chromosomopathies. Although conventional 
cytogenetic techniques have been in existence 
for almost half a century, they continue to pro- 
vide valuable clinical information. Since the 
introduction of karyotyping, reproductive pro- 
blems have been associated with chromosomal 
abnormalities [73], so karyotyping has been 
recommended for infertile couples [74]. 

Chromosomal abnormalities are an impor- 
tant cause of infertility. Patients with abnormal 
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karyotypes can have gametogenesis failure, 
leading to reproductive failures or congenital 
birth anomalies. Karyotype analysis allows 
detection of chromosomal anomalies in infertile 
patients who are phenotypically normal [75]. 
Identification of chromosomal abnormalities is 
crucial to detecting the etiology of infertility 
and thus facilitating counseling and manage- 
ment of the case. Consequently, conventional 
cytogenetic analysis has been recommended in 
infertile patients before starting treatment, spe- 
cifically for the following conditions. 


¢ Recurrent Pregnancy Loss (RPL): The 
frequency of chromosomal abnormalities 
among couples with RPL is 2%—8% ([76,77]; 
[18,78,79]), which is higher than in the 
general population (0.2%) [80]. Balanced 
translocations are the most frequent 
abnormalities [81,82]. Preimplantation 
Genetic Testing For Structural 
Rearrangements (PGT-SR) allows selection 
of normal/balanced embryos for transfer in 
structural rearrangement carriers. 
Breakpoints of the rearrangement, and thus 
the resulting fragment sizes, determine the 
PGT-SR strategy. For this reason, it is very 
important to know the precise karyotype 
formula of the parents to select an accurate 
methodology. In couples with a normal 
karyotype, an abnormal embryonic 
karyotype is often the cause of recurrent 
miscarriages [83]. The prevalence of 
abnormal embryonic karyotypes is reported 
to be 25.4% —44.1% [83-87]. The difference 
depends on the woman’s age and the 
number of miscarriages. The abnormality 
rate increases aS a woman’s age increases 
and the previous number of miscarriages 
decreases [88]. 

¢ Repetitive implantation failure (RIF): 
Aneuploidies also have been largely 
associated with implantation failure. 
Carriers of a balanced translocation can 
produce unbalanced gametes, which can 


result in implantation failure, mainly due to 
autosomal monosomies [89]. An increased 
prevalence of chromosome structural 
abnormalities has been documented in RIF 
patients [90,91]. The incidence of karyotype 
anomalies in RIF patients is only about 2%, 
and most abnormalities found in embryos 
arise de novo during meiosis or mitosis [92]. 

e Male factor infertility (MF): Genetic 
abnormalities are thought to account for 
15% —30% of MF [93]. Abnormal male 
karyotypes account for ~5% of infertility 
in males, and the prevalence increases to 
15% in azoospermic males [94]. Severe MF 
is associated with an increased occurrence 
of sex chromosome abnormalities in 
embryos compared to embryos derived 
from men with normal semen [95]. One of 
the most common cytogenetic 
abnormalities related to MF is Klinefelter 
syndrome (47,XXY), which affects hormone 
levels, testicular volume, and sperm count 
[96]. In fact, elevated chromosomal 
abnormalities for both sex chromosomes 
and autosomes have been found in 
embryos from males with Klinefelter 
syndrome [97]. 


When a karyotypic abnormality is found 
in the parents or in cases of normal karyo- 
type but high risk of de novo aneuploidies, 
Preimplantation Genetic Testing (PGT) is a pow- 
erful tool to improve reproductive outcomes. 
PGT-SR is used for carriers of abnormal karyo- 
types, while PGT-A is used for aneuploidies. 
PGT-A has been extensively applied in couples 
of advanced female age; in couples with a history 
of RPL, RIF, or MF; and carriers of numerical 
chromosomal abnormalities (e.g., sex chromo- 
some aneuploidies and mosaic karyotypes). 


Cytogenetic analysis in Product Of 
Conception(POC) 

Traditional POC studies using cell culture 
followed by conventional karyotyping have 
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shown an incidence of chromosomal abnormal- 
ities in the general population of 40%—80%, 
depending on the culture method used 
[98,99—101]. Proper chromosomal analysis of 
POC samples by karyotyping is not always fea- 
sible for cell culture growth failure (5%—42% 
failure rate in POC samples cultured after 
curettage), suboptimal chromosome prepara- 
tions, and maternal cell contamination (MCC). 
Culture-independent molecular biology techni- 
ques can avoid such limitations [102]. The inci- 
dence of fetoplacental aneuploidies increases 
significantly with advancing female age [37]. A 
higher rate of abnormal POC also has been 
found in ART patients using their own oocytes 
(62.7%) compared to natural conceptions 
(40.6%). These results could be explained by 
differences in female age, which is higher in 
ART patients than natural conceptions [102]. 


Prenatal diagnosis 


Karyotyping in prenatal samples requires 
invasive procedures (amniocentesis and chori- 
onic villi biopsy), which are associated with 
a 0.1%—0.5% increased risk of miscarriage 
[103,104]. Invasive prenatal diagnosis is 
indicated in cases of advanced maternal age, 
ultrasound suspicion of chromosomopathy, 
altered noninvasive prenatal testing, carriers 
of chromosomal rearrangements, oligoamnios- 
polyhydramnios, delayed intrauterine growth, 
and unique umbilical artery. Recently, Nonin- 
vasive Prenatal Testing (NIPT) for fetal aneu- 
ploidy has been introduced. NIPT allows 
detection of fetal chromosome abnormalities 
based on analysis of cell-free fetal DNA 
(cfDNA) present in maternal blood during 
pregnancy [105], reducing the need for inva- 
sive procedures and the number of couples 
that require amniocentesis or chorionic villi 
biopsy. However, invasive prenatal procedures 
are still required to confirm an abnormal NIPT 
result or when there is a suspicion of genetic 
abnormality not associated with abnormalities 
studied in NIPT. 


References 


[1] Hare WCD, Singh EL. Cytogenetics in animal repro- 
duction. Slough: Commonwealth Agricultural 
Bureaux, UK; 1979. 

[2] Caspersson T, Farber S, Foley GE, Kudynowski J, 
Modest EJ, Simonsson E, et al. Chemical differentia- 
tion along metaphase chromosomes. Exp Cell Res 
1968;49(1):219—22. 

[3] Caspersson T, Zech L, Modest EJ, Foley GE, Wagh U, 
Simonsson E. Chemical differentiation with fluores- 
cent alkylating agents in Vicia faba metaphase chro- 
mosomes. Exp Cell Res 1969;58(1):128—40. 

[4] Caspersson T, Zech L, Modest EJ, Foley GE, Wagh U, 
Simonsson E. DNA-binding fluorochromes for the 
study of the organization of the metaphase nucleus. 
Exp Cell Res 1969;58(1):141—52. 

[5] Pardue ML, Gall JG. Chromosomal localization of 
mouse satellite DNA. Science 1970;168(3937):1356—8. 

[6] Yunis JJ. High resolution of human chromosomes. 
Science 1976;191(4233):1268—70. 

[7] McGowan-Jordan J., Simons A., Schmid M. ISCN 
2016. An international system for human cytogenomic 
nomenclature basel. Karger; 2016. 

[8] Shaffer LG, Bejjani BA. A cytogeneticist’s perspective 
on genomic microarrays. Hum Reprod Update 2004;10 
(3):221-6. 

[9] ACC Professional Guidelines _ for 
Cytogenetics: General Best Practice v1.04, 2007. 

[10] Hassold T, Hunt P. To err (meiotically) is human: the 
genesis of human aneuploidy. Nat Rev Genet 2001;2 
(4):280—91. 

[11] Simon C. Introduction: To transfer or not transfer... 
a mosaic embryo, that is the question. Fertil Steril 
2017;107(5):1083—4. 

[12] Martinez MC, Mendez C, Ferro J, Nicolas M, Serra V, 
Landeras J. Cytogenetic analysis of early nonviable 
pregnancies after assisted reproduction treatment. 
Fertil Steril 2010;93(1):289—92. 

[13] Kolarski M, Ahmetovic B, Beres M, Topic R, Nikic V, 
Kavecan I, et al. Genetic Counseling and Prenatal 
Diagnosis of Triploidy During the Second Trimester of 
Pregnancy. Med Arch 2017;71(2):144—7. 

[14] Gardner RJM, Sutherland GR, Schaffer LG. 
Chromosome abnormalities and genetic counseling. 
4th ed. New York, NY: Oxford University Press; 2012. 

[15] Huang T, Alberman E, Wald N, Summers AM. 
Triploidy identified through second-trimester serum 
screening. Prenat Diagn 2005;25(3):229—33. 

[16] Jenderny J. Chromosome aberrations in a large series 
of spontaneous miscarriages in the German popula- 
tion and review of the literature. Mol Cytogenet 
2014;7:38. Available from: https://doi.org/10.1186/ 
1755-8166-7-38.eCollection2014. 


Clinical 


A. Fundamentals of genetics 


References 45 


[17] Schluth C, Doray B, Girard-Lemaire F, Favre R, Flori J, 
Gasser B, et al. Prenatal diagnosis of a true fetal tetra- 
ploidy in direct and cultured chorionic villi. Genet 
Couns. 2004;15:429—36. 

[18] Fryns JP, Van Buggenhout G. Structural chromosome 
rearrangements in couples with recurrent fetal wastage. 
Eur J Obstet Gynecol Reprod Biol 1998;81(2):171—6. 

[19] Therman E, Susman B, Denniston C. The nonrandom 
participation of human acrocentric chromosomes in 
Robertsonian translocations. Ann Hum Genet 1989;53 
(1):49—-65. 

[20] Jacobs PA, Melville M, Ratcliffe S, Keay AJ, Syme J. A 
cytogenetic survey of 11,680 newborn infants. Ann 
Hum Genet 1974;37:359—76. 

[21] Van Dyke DL, Weiss L, Roberson JR, Babu VR. The 
frequency and mutation rate of balanced autosomal 
rearrangements in man estimated from prenatal 
genetic studies for advanced maternal age. Am J Hum 
Genet 1983;35:301—8. 

[22] Gardner RJM, Sutherland GR. Chromosome 
Abnormalities and Genetic Counseling. New York: 
Oxford University Press; 1996. p. 68—79. 

[23] Fryns JP, Kleczkowska A, Kubien E, Petit P, Van den 
Berghe H. Cytogenetic survey in couples with recur- 
rent fetal wastage. Hum Genet 1984;65:336—54. 

[24] Worsham MJ, Miller DA, Devries JM, et al. A dicentric 
recombinant 9 derived from a paracentric inversion: 
phenotype, cytogenetics, and molecular analysis of 
centromeres. Am J Hum Genet 1989;44:115—23. 

[25] HSU TC. Mammalian chromosomes in vitro. I. The 
karyotype of man. J Hered 1952;43:167—72. 

[26] Hughes A. Some effects of abnormal tonicity on divid- 
ing cells in chick tissue cultures. Quart J Mirr Sci 
1952;93:207—19. 

[27] Balicek P. Pericentric inversion of human chromo- 
somes and its risks. Cas Lek Cesk 2001;140(2):38—42. 

[28] Bocian E, Suchenek K, Obersztyn E, Nowakowska B, 
Mazurczak T. Recombination aneusomy of subtelo- 
meric regions of chromosome 5, resulting from a large 
familial pericentric inversion inv(5)(p15.33q35.3). 
J Appl Genet 2005;46(1):109—14. 

[29] Saura R, Longy M, Sautarael M, Renouil M, Sandler B. 
Double trisomy and transmitted pericentric inversion 
(48, XXY, +21, inv(22)). Interchromosomal effect. Ann 
Genet 1983;26(3):180—2. 

[30] Durkin SG, Glover TW. Chromosome fragile sites. 
Annu Rev Genet 2007;41:169—92. 

[31] Berger R, Bloomfield CD, Sutherland GR. Report of 
the committee on chromosome rearrangements in neo- 
plasia and on fragile sites. Cytogenet Cell Genet 
1985;40(1—4):490—535. 

[32] Sutherland GR, Jacky PB, Baker E, Manuel A. 
Heritable fragile sites on human chromosomes. X. 


New folate-sensitive fragile sites: 6p23, 9p21, 9q32, 
and 11q23. Am J Hum Genet 1983;35(3):432—7. 

[33] Schmid M, Klett C, Niederhofer A. Demonstration of a 
heritable fragile site in human chromosome 16 with 
distamycin A. Cytogenet Cell Genet 1980;28 
(1—2):87—94. 

[34] Sutherland GR, Jacky PB, Baker EG. Heritable fragile 
sites on human chromosomes. XI. Factors affecting 
expression of fragile sites at 10q25, 16q22, and 17p12. 
Am J Hum Genet 1984;36(1):110—22. 

[35] Scheres JM, Hustinx TW. Heritable fragile sites and 
lymphocyte culture medium containing BrdU. Am J 
Hum Genet 1980;32(4):628—9. 

[36] Jacobs PA, Browne C, Gregson N, Joyce C, White H. 
Estimates of the frequency of chromosome abnormali- 
ties detectable in unselected newborns using moderate 
levels of banding. J Med Genet 1992;29(2):103—8. 

[37] Wellesley D, Dolk H, Boyd PA, Greenlees R, Haeusler 
M, Nelen V, et al. Rare chromosome abnormalities, 
prevalence and prenatal diagnosis rates from 
population-based congenital anomaly registers in 
Europe. Eur J Hum Genet 2012;20(5):521—6. 

[38] Kang SH, Shaw C, Ou Z, Eng PA, Cooper ML, Pursley 
AN, et al. Insertional translocation detected using 
FISH confirmation of array-comparative genomic 
hybridization (aCGH) results. Am J Med Genet A 
2010;152A(5):1111—26. 

[39] Neill NJ, Ballif BC, Lamb AN, Parikh S, Ravnan JB, 
Schultz RA, et al. Recurrence, submicroscopic com- 
plexity, and potential clinical relevance of copy gains 
detected by array CGH that are shown to be unbal- 
anced insertions by FISH. Genome Res 2011;21 
(4):535—44. 

[40] Nowakowska BA, de Leeuw N, Ruivenkamp CA, 
Sikkema-Raddatz B, Crolla JA, Thoelen R, et al. 
Parental insertional balanced translocations are an 
important cause of apparently de novo CNVs in 
patients with developmental anomalies. Eur J Hum 
Genet 2012;20(2):166—70. 

[41] Yip M-Y. Autosomal ring chromosomes in human 
genetic disorders. Transl Pediatr 2015;4:164—74. 

[42] Guilherme RS, Meloni VF, Kim CA, Pellegrino R, 
Takeno SS, Spinner NB, et al. Mechanisms of ring 
chromosome formation, ring instability and clinical 
consequences. BMC Med Genet 2011;12:171—2350- 
12-171. 

[43] Jacobs PA, Frackiewicz A, Law P, Hilditch CJ, Morton 
NE. The effect of structural aberrations of the chromo- 
somes on reproductive fitness in man. II. Results. Clin 
Genet 1975;8(3):169—78. 

[44] Lasan Trcic R, Hitrec V, Letica L, Cuk M, Begovi¢ D. 
Small supernumerary marker chromosome derived 
from proximal p-arm of chromosome 2: Identification 


A. Fundamentals of genetics 


46 3. Cytogenetics techniques 


by fluorescent in situ hybridization. Croat Med J 
2003;44:477—9. 

[45] Woo HY, Cho HJ, Kong SY, Kim HJ, Jeon HB, Kim 
EC, et al. Marker chromosomes in Korean patients: 
Incidence, identification and diagnostic approach. J 
Korean Med Sci 2003;18:773—8. 

[46] Jafari-Ghahfarokhi H, Moradi-Chaleshtori M, Liehr T, 
Hashemzadeh-Chaleshtori M, Teimori H, Ghasemi- 
Dehkordi P. Small supernumerary marker chromo- 
somes and their correlation with specific syndromes. 
Adv Biomed Res 2015;4:140. Available from: https:// 
doi.org/10.4103 /2277-9175.161542.eCollection2015. 

[47] Liehr T, Claussen U, Starke H. Small supernumerary 
marker chromosomes (sSMC) in humans. Cytogenet 
Genome Res 2004;107(1-2):55—67. 

[48] Sahin FI, Yilmaz Z, Yuregir OO, Bulakbasi T, Ozer O, 
Zeyneloglu HB. Chromosome heteromorphisms: an 
impact on infertility. J Assist Reprod Genet 2008;25 
(5):191—5. 

[49] Madon PF, Athalye AS, Parikh FR. Polymorphic var- 
iants on chromosomes probably play a significant role 
in infertility. Reprod Biomed Online 2005;11 
(6):726—32. 

[50] Nakamura Y, Kitamura M, Nishimura K, Koga M, 
Kondoh N, Takeyama M, et al. Chromosomal variants 
among 1790 infertile men. Int J Urol 2001;8(2):49—52. 

[51] Yakin K, Balaban B, Urman B. Is there a possible cor- 
relation between chromosomal variants and spermato- 
genesis? Int J Urol 2005;12(11):984—9. 

[52] Morales R, Lledo B, Ortiz JA, Ten J, Llacer J, Bernabeu 
R. Chromosomal polymorphic variants increase aneu- 
ploidies in male gametes and embryos. Syst Biol 
Reprod Med 2016;62(5):317—24. 

[53] Kaiser P. Pericentric inversions. Problems and signifi- 
cance for clinical genetics. Hum Genet 1984;68(1):1—47. 

[54] Dana M, Stoian V. Association of pericentric inversion 
of chromosome 9 and infertility in romanian popula- 
tion. Maedica (Buchar) 2012;7(1):25—9. 

[55] Zneimer SM. Cytogenetic abnormalities. Hoboken: 
John Wiley & Sons, Inc; 2014. 

[56] Moorhead PS, Nowell PC, Mellman WJ, Battips DM, 
Hungerford DA. Chromosome preparations of leuko- 
cytes cultured from human peripheral blood. Exp Cell 
Res 1960;20:613—16. 

[57] Howe B, Umrigar A, Tsien F. Chromosome prepara- 
tion from cultured cells. J Vis Exp 2014;83:e50203. 

[58] Nowell PC. Phytohemagglutinin: An initiator of mito- 
sis in cultures of normal human leukocytes. Cancer 
Res 1960;20:462—6. 

[59] Yunis JJ, Chandler ME. The chromosomes of man— 
clinical and biologic significance. A review. Am J 
Pathol 1977;88(2):466—96. 


[60] Dutrillaux B, Lejeune J. Sur une nouvelle technique 
d’analyse du caryotype humain. Compt Rend Acad 
Sci Paris 1971;272:2638—40. 

[61] Arrighi FE, Hsu TC. Localization of heterochromatin 
in human chromosomes. Cytogenetics 1971;10(2):81—6. 

[62] Schreck RR, Disteche CM. Chromosome banding 
techniques. Curr Protoc Hum Genet 2001; Chapter 4: 
Unit 4.2. 

[63] Rooney DE, editor. Human cytogenetics: constitu- 
tional analysis. 3rd edn Oxford: Oxford University 
Press; 2001. 

[64] Swansbury J. Introduction to the analysis of the 
human G-banded karyotype. Methods Mol Biol 
2003;220:259—69. 

[65] Seabright M. A rapid banding technique for human 
chromosomes. (Letter.). Lancet 1971;2:971—2. 

[66] Caspersson T, Zech L, Johansson C, Modest EJ. 
Identification of human chromosomes by DNA- 
binding fluorescent agents. Chromosoma 1970;30 
215-27. 

[67] Caspersson T, Lomakka G, Zech L. The 24 fluores- 
cence patterns of the human metaphase chromo- 
somes-distinguishing characters and _ variability. 
Hereditas (Lund.) 1971;67:89—102. 

[68] Matsui S, Sasaki M. Differential staining of nucleolus 
organisers in mammalian chromosomes. Nature 
1973;246(5429):148—50. 

[69] Dutrillaux B. New system of chromosome banding: 
the T bands (author’s transl). Chromosoma 1973;41 
(4):395—402. 

[70] Landegent JE, Jansen in de Wal N, Dirks RW, Baas F, 
van der Ploeg M. Use of the whole cosmid cloned 
genomic sequences for chromosomal localization by 
non-radioactive in situ hybridization. Hum Genet 
1987;77:366—70. 

[71] Pinkel D, et al. Fluorescence in situ hybridization with 
human chromosome specific libraries: detection of tri- 
somy 21 and translocation of chromosome 4. Proc Natl 
Acad Sci USA 1988;85:9138—42. 

[72] Cremer T, Lichter P, Borden J, Ward DC, Mannuelidis 
L. Detection of chromosome aberrations in metaphase 
and interphase tumor cells by in situ hybridization 
using chromosome-specific library probes. Hum 
Genet 1988;80:235—46. 

[73] Shi Q, Martin RH. Aneuploidy in human sperm: a 
review of the frequency and distribution of aneuploidy, 
effects of donor age and lifestyle factors. Cytogenet Cell 
Genet 2000;90(3—4):219—26. 

[74] Campana M, Serra A, Neri G. Role of chromosome 
aberrations in recurrent abortion: a study of 269 bal- 
anced translocations. Am J Med Genet 1986;24 
(2):341—56. 


A. Fundamentals of genetics 


[75] 


[76] 


[77] 


[78] 


[79] 


[80] 


[81] 


[82] 


[83] 


[84] 


[85] 


[86] 


[87] 


[88] 


References 


Chantot-Bastaraud S, Ravel C, Siffroi JP. Underlying 
karyotype abnormalities in IVF/ICSI patients. 
Reprod Biomed Online 2008;16:514—22. 

Dutta UR, Rajitha P, Pidugu VK, Dalal AB. 
Cytogenetic abnormalities in 1162 couples with 
recurrent miscarriages in southern region of India: 
report and review. J Assist Reprod Genet 2011;28 
(2):145-9. 

Frenny JS, Thomas L, Pritti K, Ralph A, Harsh JS, 
Jayesh JS. Chromosomal abnormalities in couples 
with repeated fetal loss: An Indian retrospective 
study. Indian J Hum Genet 2013;19(415):422. 

Elghezal H, Hidar S, Mougou S, Khairi H, Saad A. 
Prevalence of chromosomal abnormalities in couples 
with recurrent miscarriage. Fertil Steril 2007;88(3):721—3. 
Meza-Espinoza JP, Anguiano LO, Rivera H. 
Chromosomal abnormalities in couples with repro- 
ductive disorders. Gynecol Obstet Invest 2008;66 
(4):237—40. 

Regan L, BackosM, Rai R. Green-top Guideline No 
17. The investigation and treatment of couples with 
recurrent first-trimester and second-trimester miscar- 
riage. London: Royal College of Obstetricians and 
Gynaecologists (RCOG); 2011. 

Shekoohi S, Mojarrad M, Raoofian R, Ahmadzadeh S, 
Mirzaie S, Hassanzadeh-Nazarabadi M, et al. 
Chromosomal study of couples with the history of 
recurrent spontaneous abortions with diagnosed 
blightded ovum. Int J Mol Cell Med 2013;2:164—8. 
Hyde KJ, Schust DJ. Genetic considerations in recur- 
rent pregnancy loss. Cold Spring Harb Perspect Med 
2015;5:a023119. 

Sugiura-Ogasawara M, Ozaki Y, Katano K, Suzumori 
N, Kitaori T, Mizutani E. Abnormal embryonic kar- 
yotype is the most frequent cause of recurrent mis- 
carriage. Hum Reprod 2012;27(8):2297—303. 

Carp H, Toder V, Aviram A, Daniely M, Mashiach S, 
Barkai G. Karyotype of the abortus in recurrent mis- 
carriage. Fertil Steril 2001;75(4):678—82. 

Stephenson MD, Awartani KA, Robinson WP. 
Cytogenetic analysis of miscarriages from couples 
with recurrent miscarriage: a case-control study. 
Hum Reprod 2002;17(2):446—51. 

Stern JJ, Dorfmann AD, Gutierrez-Najar AJ, Cerrillo 
M, Coulam CB. Frequency of abnormal karyotypes 
among abortuses from women with and without a 
history of recurrent spontaneous abortion. Fertil 
Steril 1996;65(2):250—3. 

Sullivan AE, Silver RM, LaCoursiere DY, Porter TF, 
Branch DW. Recurrent fetal aneuploidy and recur- 
rent miscarriage. Obstet Gynecol 2004;104(4):784—8. 
Ogasawara M, Aoki K, Okada S, Suzumori K. 
Embryonic karyotype of abortuses in relation to the 


[89] 


[90] 


[91] 


[92] 


[93] 


[94] 


[95] 


[96] 


[97] 


[98] 


[99] 


[100] 


47 


number of previous miscarriages. Fertil Steril 2000;73 
(2):300—4. 

Mau-Holzmann UA. Somatic chromosomal abnor- 
malities in infertile men and women. Cytogenet 
Genome Res 2005;111(3—4):317—36. 

Raziel A, Friedler S, Schachter M, Kasterstein E, 
Strassburger D, Ron-El R. Increased frequency of 
female partner chromosomal abnormalities in 
patients with high-order implantation failure 
after in vitro fertilization. Fertil Steril 2002;78 
(3):515—19. 

Stern C, Pertile M, Norris H, Hale L, Baker HW. 
Chromosome translocations in couples with in-vitro 
fertilization implantation failure. Hum Reprod 
1999;14(8):2097—101. 

Garcia-Herrero S., Rodrigo L., Mateu E., et al. 
Medecine therapeutique/Medecine de la reproduc- 
tion, gynecologie et endocrinologie. John Libbey 
Eurotext 2014;14(2):112—119. 

O'Flynn O’Brien KL, Varghese AC, Agarwal A. The 
genetic causes of male factor infertility: a review. 
Fertil Steril 2010;93(1):1—12. 

Ferlin A, Raicu F, Gatta V, Zuccarello D, Palka G, 
Foresta C. Male infertility: role of genetic back- 
ground. Reprod Biomed Online 2007;14(6):734—45. 
Coates A, Hesla JS, Hurliman A, Coate B, Holmes E, 
Matthews R, et al. Use of suboptimal sperm increases 
the risk of aneuploidy of the sex chromosomes in 
preimplantation blastocyst embryos. Fertil Steril 
2015;104(4):866—72. 

Elfateh F, Wang R, Zhang Z, Jiang Y, Chen S, Liu R. 
Influence of genetic abnormalities on semen quality 
and male fertility: a four-year prospective study. Iran 
J Reprod Med 2014;12(2):95—102. 

Kahraman $5, Findikli N, Berkil H, Bakircioglu E, 
Donmez E, Sertyel S, Biricik A. Results of preim- 
plantation genetic diagnosis in patients with 
Klinefelter’s syndrome. Reprod Biomed Online 
2003;73:346—52. 

Morales C, Sanchez A, Bruguera J, et al. Cytogenetic 
study of spontaneous abortions using semi-direct 
analysis of chorionic villi samples detects the broad- 
est spectrum of chromosome abnormalities. Am J 
Med Genet 2008;146A(1):66—70. 

Guerneri S, Bettio D, Simoni G, Brambati B, 
Lanzani A, Fraccaro M. Prevalence and distribu- 
tion of chromosome abnormalities in a sample of 
first trimester internal abortions. Hum Reprod 
1987;2(8):735—9. 

Nagaishi M, Yamamoto T, Iinuma K, Shimomura K, 
Berend SA, Knops J. Chromosome abnormalities 
identified in 347 spontaneous abortions collected in 
Japan. J Obstet Gynaecol Res 2004;30(3):237—41. 


A. Fundamentals of genetics 


48 3. Cytogenetics techniques 


[101] Yusuf RZ, Naeem R. Cytogenetic abnormalities in 
products of conception: a relationship revisited. Am J 
Reprod Immunol 2004;52(1):88—96. 

[102] Campos-Galindo I, Garcia-Herrero S, Martinez- 
Conejero JA, Ferro J, Simon C, Rubio C. Molecular 
analysis of products of conception obtained by hys- 
teroembryoscopy from infertile couples. J Assist 
Reprod Genet 2015;32(5):839—48. 

[103] Akolekar R, Beta J, Picciarelli G, Ogilvie C, 
D’Antonio F. Procedure-related risk of miscarriage 


[104] 


[105] 


following amniocentesis and chorionic villus sam- 
pling: a systematic review and meta-analysis. 
Ultrasound Obstet Gynecol 2015;45(1):16—26. 
Simpson JL. Invasive procedures for prenatal diagno- 
sis: any future left? Best Pract Res Clin Obstet 
Gynaecol 2012;26(5):625—38. 

Lo YM, Corbetta N, Chamberlain PF, Rai V, Sargent IL, 
Redman CW, et al. Presence of fetal DNA in maternal 
plasma and serum. Lancet 1997;350(9076):485—7. 


A. Fundamentals of genetics 


C Isl Ay 1 WW le IR 


4 


Molecular biology approaches utilized 
in preimplantation genetics: real-time 
PCR, microarrays, next-generation 
sequencing, karyomapping, and others 


Almudena Devesa-Peiré'’”, Josefa Maria Sanchez-Reyes'” and 


+s / . L3 
Patricia Diaz-Gimeno 
‘Department of Genomic & Systems Reproductive Medicine, IVI-RMA IVI Foundation, Valencia, 
Spain "Department of Pediatrics, Obstetrics and Gynaecology, School of Medicine, University of 


Valencia, Valencia, Spain 3Biomedical Research Institute Hospital La Fe, Valencia, Spain 


The success of assisted reproductive techni- 
ques relies on a synchronization between a 
genetically normal human embryo and a recep- 
tive endometrium to which it will attach. It has 
been reported that embryo abnormalities 
account for one third of implantation failures, 
while a defective endometrial stage is responsi- 
ble for the other two thirds [1,2]. Consequently, 
the detection of these alterations and their cor- 
rection have become a priority in assisted repro- 
ductive treatments (ARTs) to increase pregnancy 
rates and decrease recurrent miscarriages and 
implantation failures. While the embryo factor is 
typically assessed through preimplantation 
genetic testing (PGT) techniques, the endome- 
trial factor is currently evaluated through gene 
expression-based diagnostic tools. 


Human Reproductive Genetics 
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The embryo factor: preimplantation 
genetic testing techniques for embryo 
selection against chromosomal 
abnormalities and monogenic disorders 


Although embryo morphological evaluation 
is currently the most clinically established 
method to assess embryo viability [3], it cannot 
evaluate chromosomal or gene abnormalities 
that may lead to miscarriages and implantation 
failures. PGT was first introduced in the late 
1980s [4] to address this problem and offer an 
alternative to prenatal testing for couples at 
risk of having children affected with severe 
monogenic inherited diseases (PGT-M) and/or 
chromosome abnormalities, both numeric or 
aneuploidies (PGT-A) and structural (PGT-ST). 
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PGT is indicated in the following situations: 
parent(s) that are carriers of a chromosomal or 
genetic disease, recurrent miscarriages, recur- 
rent implantation failures, advanced maternal 
age, previous child with a chromosomal or 
genetic disease, and sex determination in the 
context of X-linked disease [5]. 

Overall, PGT techniques perform genetic 
testing on the DNA extracted typically from 
one or two cell biopsies of human embryos at a 
6—10-cell stage on day 3 after in vitro fertiliza- 
tion (IVF) [6]. However, PGT is also applied to 
DNA obtained from polar bodies or one-cell 
zygotes just after IVF, or from 5 to 10 trophec- 
toderm cells from a day 4—5 blastocyst [6]. 
Regardless of the source of DNA material, PGT 
techniques allow selection of those embryos 
without chromosomal or/and gene abnormali- 
ties before they are transferred to the uterus in 
an assisted reproduction treatment (ART). 
Genetic diagnosis may be achieved through 
different cytogenetic techniques, the most rele- 
vant being described in the following 
subsections. 


Karyotyping 


Karyotyping is a cytogenetic technique that 
was first introduced for prenatal genetic testing 
in 1966 and is aimed at pairing and ordering 
all the chromosomes of an organism using 
standardized staining procedures that reveal 
their characteristic structural and numerical 
features [7]. 

The scheme of the technique can be 
observed in Fig. 4.1. The process begins with 
the short-term culture of high-division cells (in 
this context: embryo-biopsied cells or/and pro- 
genitor’s blood). After a period of cell growth 
and multiplication, dividing cells are arrested 
in metaphase or prometaphase by the addition 
of colchicine, which poisons the mitotic spin- 
dle. This is the cell cycle phase at which chro- 
mosomes assume their most condensed 


conformations. The cells are next treated with a 
hypotonic solution that causes their nuclei to 
swell and the cells to burst. After centrifuga- 
tion, the nuclei are treated with a chemical fixa- 
tive and various stains that reveal the 
structural features of the chromosomes when 
they are observed through a microscope [8,9]. 
The first karyotypes only detected changes 
in chromosome numbers or length at a low res- 
olution. This changed with the development of 
different banding techniques, which are based 
on differential staining of chromosomal seg- 
ments according to their enrichment in GC or 
AT nucleotides, thus enabling the detection of 
segmental chromosomal imbalances. In current 
clinical cytogenetics, G-banding and R-binding 
techniques are widely used. In G-banding, 
metaphase chromosome proteins are degraded 
with trypsin to relax the chromatin structure 
and facilitate Giemsa dye access to the DNA. 
Heterochromatic AT-enriched DNA segments 
incorporate more Giemsa and are visualized as 
dark segments. Alternatively, light segments 
represent euchromatic and GC-enriched DNA 
that is more transcriptionally active (Fig. 4.1). 
R-banding also involves Giemsa staining, but 
the procedure includes a heating step that 
melts AT-enriched DNA regions, leaving only 
the GC-enriched regions to take up the stain 
and thus generating the reverse pattern. In 
addition, there are other Giemsa-based band- 
ing techniques that are specialized in staining 
gene-rich telomeric (T-banding) and centro- 
meric (C-banding) regions, which might be 
clinically useful for detecting abnormalities 
specifically targeting these structures [8,9]. 
Karyotyping is the gold standard in prenatal 
testing for the detection of genome-wide 
numerical and structural chromosomal aberra- 
tions since the first human prenatal testing 
took place in 1966 [10]. In the context of PGT, 
clinical cytogeneticists analyze human karyo- 
types to detect numeric chromosomal abnor- 
malities associated with aneuploid conditions, 
such as trisomy 21 (Down syndrome), trisomy 
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FIGURE 4.1 Scheme of dif- 
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ferent steps for karyotyping. 
Cell sample collection and short- 
term culture, treatments of cells 
for obtention of metaphase 
chromosomes, set up of band- 
ing chromosomes and display 
through the microscope. In this 
case, an example of G-banding 
of the human male karyotype 
is shown (dark segments: AT- 
enriched DNA; light segments: 
GC-enriched DNA). 


Treatment 


18 (Edward syndrome), trisomy 13 (Patau syn- 
drome), and X-linked chromosome alterations 
like Klinefelter syndrome (47, XXY) or Turner 
syndrome (45, X0). Karyotyping can also reveal 
chromosomal deletions, duplications, inver- 
sions, translocations or inversions related to 
other diseases as cri-du-chat syndrome (5p-) 
and Wolf-Hirschhorn (4p-) [11]. Karyotyping 
has several limitations, such as the need for 
cell cultures and visual screening (which 
requires skilled analysts and is time consum- 
ing), and a still low specific banding resolution, 
that have led to its replacement in PGT by the 
fluorescence in situ hybridization (FISH) tech- 
nique [12]. 


Fluorescence in situ hybridization 


Cytogenetics entered the molecular era in 
1969 with the introduction of in situ hybridiza- 
tion (ISH), a procedure that locates the posi- 
tions of specific DNA sequences on 
chromosomes with the aid of radioactive- 
labeled probes [13]. In 1986, radiation was 
replaced by fluorescence signals and FISH 


appeared [14,15]. FISH technology became the 
first cytogenetic technique that allowed aneu- 
ploidy detection in interphase nuclei (not only 
metaphase chromosomes), which eliminated 
the need to culture cells and provided results 
in a mere 2—3 days. This molecular cytogenetic 
technique was applied to PGT in 1992 [16] and 
ever since many variations of the procedure 
have been developed, and its sensitivity has 
increased enormously, becoming a very useful 
diagnosis tool. 

The scheme of the technique can be 
observed in Fig. 4.2. After the DNA extraction 
(in this case from embryonic cells) and its fixa- 
tion on a laboratory slide, the first step in the 
process is to develop the complementary probe 
that will be attached to the target DNA region 
of interest. FISH probes can be labeled either 
directly using _—_fluorochrome-conjugated 
nucleotides (e.g., fluorescein-dUTP) or indi- 
rectly using reporter molecules (e.g., biotin- 
dUTP) by nick-translation, random priming, 
polymerase chain reaction (PCR), or various 
other molecular genetic techniques. Next, both 
the target and the probe sequences are dena- 
tured and mixed for hybridization based on 
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target—probe complementarity, allowing the 
exploration of the target presence, number, 
and location on the chromosome. Fluorescent 
signals of bound probes are then inspected 
using a filter-equipped fluorescence micro- 
scope and computer software [12]. 

Nowadays, many different commercial and 
noncommercial probes are available for diag- 
nostic purposes, including centromeric probes 
for chromosome enumeration and _identifica- 
tion, and loci-specific probes and subtelomeric 
probes for detecting chromosomal rearrange- 
ments [12]. Cytogeneticists have also the option 
of using multifluor FISH, or spectral karyotyp- 
ing [17], which paints each chromosome with a 
different color using a differentially labeled 
collection of hybridization probes scattered 
throughout each chromosome’s whole length. 
This FISH variant, however, is only able to 
detect large chromosomal changes. 

FISH applications in PGT allow the detection 
of numeric chromosomal abnormalities or 
aneuploidies (PGT-A), structural chromosomal 
alterations—deletions, duplications, inversions, 
and translocations—(preimplantation genetic 
testing for structural rearrangements) with 
higher resolution than karyotyping. Most labo- 
ratories use this technique to look for specific 
chromosomes including X, Y, 13, 16, 18, 21, and 
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FIGURE 4.2 Scheme _ of 
steps for fluorescent in situ 
hybridization (FISH). On the 
left side, fixation of cell samples 
and denaturation of target DNA. 
On the right side, DNA probe 
preparation, two labeling types 
(direct on the left and indirect on 
the right), denaturation and 
hybridization with target DNA 
on a laboratory slide. Below, in 
the center, display through a 
fluorescence microscope. 
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22 as they are the most common aneuploidies 
seen in spontaneous miscarriages [18]. 
Nevertheless, FISH diagnosis is based on visual 
inspection and limited to the loci targeted by 
the probes used, and DNA-integrity and over- 
lapping signals are a major problem [12]. 


Polymerase chain reaction 


PCR was developed by Mullis et al. in 1983 
[19] as a laboratory technique to amplify or 
make multiple copies of a specific segment of 
DNA. The scheme of this technique is shown 
in Fig. 4.3A. A basic PCR set up requires: a 
DNA template that contains the DNA target 
region to amplify (e.g., DNA of an embryonic 
cell); a DNA polymerase, enzyme that synthe- 
sizes new DNA strands from the DNA tem- 
plate (usually heat-resistant Taq polymerase); 
two DNA primers that are complementary to 
the 3’ ends of each of the sense and antisense 
strands of the DNA target and from which 
DNA polymerase can start to amplify; deoxy- 
nucleoside triphosphates that will be added 
by the DNA polymerase to the new DNA 
strand; and a buffer solution providing a 
suitable chemical environment for optimum 
activity and stability of the DNA polymerase, 
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FIGURE 4.3 General 
scheme of standard polymerase 
chain reaction (PCR) (A) and 
quantitative polymerase chain 
reaction (Q-PCR) based on 
TaqMan probes (B). For each 
PCR technique, set up compo- 
nents are shown on the left, and 
the different steps of the PCR 
protocol (1—5) are schematized 
on the right. In comparison with 
the standard PCR _ protocol 
shown in (A), Q-PCR techniques 
(B) include the quantification of 
amplified DNA at real time 
thanks to the fluorescence emit- 
ted by the reporter of the 
TaqMan probe after its degrada- 
tion by the DNA polymerase in 
the extension phase (4) in each 
cycle. The picture located next 
to the Hold and Display phase 
(5) represents the fluorescence 
signal emitted by the reporter of 
the TaqMan probes (y axis) in 
each Q-PCR cycle (x axis). PCR, 
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typically containing magnesium (Mg) and 
potassium (K) ions [20,21]. 

The whole amplification procedure takes 
place in a thermal cycler which increases and 
decreases the temperature in automatic, pro- 
grammed steps. These steps are: initialization 
(94°C—96°C, 1—10 minutes) for DNA polymer- 
ase activation if necessary; denaturation 
(94°C—98°C, 20-30 seconds) for the separation 
of the double-stranded DNA (dsDNA) tem- 
plate into single strands; annealing (5°C below 
Tm or melting temperature of primers, usually 


50°C—60°C, 20-40 seconds) allowing the 
annealing of the primers to each of the single- 
stranded DNA templates; extension (72°C, 
20—40 seconds) for amplification by the DNA 
polymerase; optional elongation (72°C, 5-15 
minutes) to ensure that any remaining single- 
stranded DNA is fully elongated; and final 
hold (4°C—15°C, indefinite time) for short-term 
storage of PCR products. Following synthesis 
and at the end of the first cycle, each dsDNA 
molecule consists of one new and one old 
DNA strand and will serve as templates in 
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subsequent cycles (usually 25—35 cycles in 
total), which allow the DNA target to be expo- 
nentially amplified millions of times (2” copies 
where n =the number of cycles). Finally, it is 
necessary to check whether the PCR success- 
fully amplified the DNA target region, that is 
typically achieved by agarose gel electrophore- 
sis that performs size separation of the PCR 
products and compares them to a reference 
DNA ladder [20,21]. 

This technique has been improved and sev- 
eral variants have been developed as real-time 
or quantitative fluorescence polymerase chain 
reaction (QF-PCR) that employs fluorescent 
dyes or probes to simultaneously amplify and 
quantify the DNA target [22]; reverse- 
transcription polymerase chain reaction (RT- 
PCR) for gene expression evaluation (see “The 
endometrial factor: gene expression diagnostic 
tools to assess endometrial receptivity” section); 
real-time or reverse-transcription quantitative 
polymerase chain reaction (RT-qPCR), a combi- 
nation of the two former techniques [23]; and 
multiplex PCR methods that consist of the use 
of various sets of specific primers that simulta- 
neously amplify different DNA regions [24]. 

In fact, quantitative polymerase chain reac- 
tion (Q-PCR) is a revolutionary tool for quanti- 
fication of gene expression that is mostly 
employed in PGT to evaluate monogenic dis- 
eases. Overall, Q-PCR is based in monitoring 
the amplification of the targeted DNA molecule 
during each PCR cycle thanks to either (1) non- 
specific fluorescent DNA-binding dyes (e.g., 
SYBR Green J) or (2) sequence-specific oligonu- 
cleotide probes labeled with a fluorescent 
reporter that gives signal only after hybridiza- 
tion of the probe with its complementary DNA 
sequence (e.g., TaqMan probes). Unlike conven- 
tional PCR methods, Q-PCR instruments have 
detectors that measure the fluorescence inten- 
sity after each PCR cycle. Here we describe the 
molecular procedures of the two most popular 
Q-PCR methods, which are based on SYBR 
Green I dyes and TaqMan probes [25]. 


SYBR Green I is a nonspecific dye that emits 
fluorescence when it binds to the minor groove 
of all dsDNA found in the PCR reaction tube. 
Therefore the increasing amount of dsDNA 
present in the reaction PCR tube after each 
cycle leads to a greater amount of bound dyes 
and thus an increasing fluorescent signal from 
SYBR Green I. This method is relatively cost 
efficient, and easy to use. However, these types 
of nonspecific dyes can potentially bind to all 
dsDNA PCR products, including primer 
dimers, that could interfere in the quantifica- 
tion of the targeted sequence [25]. This draw- 
back is solved with sequence-specific probes 
such as TaqMan probes. 

TaqMan probes are hydrolysis oligonucleo- 
tides consisting of a fluorophore (reporter), 
covalently attached to the 5’ end of the oligo- 
nucleotide probe, and a quencher attached at 
the 3’ end, that prevents the detection of the 
fluorescence emitted by the reporter when they 
are in proximity. These probes are designed to 
anneal within a specific DNA region amplified 
by a specific set of primers in the PCR. As the 
Taq polymerase extends the primer and synthe- 
sizes the nascent strand, the 5’ to 3’ exonucle- 
ase activity of this enzyme degrades the 
TaqMan probe that has annealed to the DNA 
template. This causes the separation of the 
reporter and the quencher, allowing the repor- 
ter’s fluorescent signal to be liberated and 
detected by the Q-PCR instrument. A scheme 
of the Q-PCR technique using TaqMan probes 
is shown in Fig. 4.3B. The precision of this Q- 
PCR technique is equivalent to that of the 
SYBR Green I, but the specificity is higher, as 
TaqMan probes only detect targeted DNA 
sequences [25]. 

Since its first application in PGT [4] PCR- 
based methods have been important 
approaches in assisted reproduction clinics for 
a wide range of diagnostic applications. For 
instance, Q-PCR can use primers of informa- 
tive polymorphic small tandem repeat markers 
to detect chromosomal aneuploidies in less 
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than 24 hours [26], being an alternative method 
to FISH for prenatal testing and PGT-A [27]. In 
addition, Q-PCR is also used for the amplifica- 
tion and identification of single-nucleotide 
polymorphisms (SNPs) (see “High-resolution 
genome-wide approaches” section for more 
information on SNP genotyping) [28]. 

Nevertheless, the most widely used Q-PCR 
application in PGT is the detection of mono- 
genic diseases (PGT-M) such as B-thalassemia 
or Becker and Duchenne muscular dystrophies 
[29]. In this sense, multiplex PCR methods 
have been applied together with Q-PCR based 
on TaqMan probes at a single-cell level to 
simultaneously diagnose several monogenic 
diseases and/or increase the reliability when 
only one disease is interrogated [30]. This is 
achieved by using different sets of primers that 
amplify distinct DNA regions (associated with 
the evaluation of the same or different mono- 
genic diseases); and differentially labeled 
TaqMan probes that emit differentially colored 
fluorescent signals depending on the specific 
DNA region to which it binds. 

Although PCR methods are very accurate 
and reproducible, the main limitation of these 
PCR technologies is their dependence on 
prior knowledge of the specific genomic loci 
to be amplified, which also limits the number 
of diseases that can be simultaneously evalu- 
ated [27]. 


High-resolution genome-wide approaches 


The development of genome-wide 
approaches based on arrays and _ next- 
generation sequencing (NGS) has revolutionized 
the resolution of PGT, allowing cytogeneticists 
to interrogate the whole embryonic genome at 
a base-pair level. Since these genomic methods 
require hundreds of DNA nanograms and a 
single diploid human cell contains only about 7 
picograms of DNA, the genome of the biopsied 
embryo cells must be amplified prior to the 


genetic analysis [6]. There are currently two 
major genome-wide amplification methods 
that are applied to single cells: multiple dis- 
placement amplification (MDA) and/or PCR 
amplification. 

MDA is a non-PCR method that uses ran- 
dom primers and ®29 DNA polymerase for 
faithful nucleotide amplification of the 
already-denatured single-cell DNA template 
[31]. In contrast, PCR methods can be based 
on linker adaptor PCR, primer extension 
preamplification-PCR [32], or degenerate 
oligonucleotide-primed-PCR [33]. Other WGA 
methods combine features of MDA- and PCR- 
based amplification. In general, the PCR-based 
WGA products deliver a more accurate copy- 
number profile [34] and can also be used for 
SNP genotyping and base-mutation detection 
[35]. However, MDA are still the preferred 
methods for these two latest purposes [34,36]. 
After DNA amplification, there are three main 
genome-wide approaches that can be applied 
for PGT: comparative genomic hybridization 
arrays (CGHa), SNP arrays, and NGS. 


Comparative genomic hybridization arrays 


In order to improve the resolution of the 
FISH technique and avoid using techniques of 
fixation of the cell onto a microscope slide, 
researchers developed comparative genomic 
hybridization (CGH) [37]. CGH was firstly 
applied for PGT in 1996 [38] and is a DNA- 
based method applicable to cells in any phase 
of the cell cycle. 

This approach requires genomic DNA from 
both a reference subject (typically extracted 
from peripheral blood) and a test subject, 
which is extracted from the embryonic biop- 
sied cells in the case of PGT. After a DNA 
amplification step, reference DNA fragments 
are labeled with red fluorescence and experi- 
mental DNA fragments with green fluores- 
cence. Afterwards, both labeled DNA types are 
pooled together to be used in hybridization 
experiments [18,38]. 
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FIGURE 4.4 General scheme of comparative genomic hybridization array (CGHa). DNA previously extracted from 
the biopsied embryonic cells (test DNA) and reference sample is amplified, denatured, and differentially labeled with dif- 
ferent fluorochromes. Afterwards, labeled test and reference DNA are pooled together and placed in the microarray for 
competitive hybridization with their complementary probes. Finally, fluorescent signals are scanned for each spot and the 


green:red ratio is computed for interpretation. 


Conventional CGH employed this DNA 
pool as probes and hybridized them with nor- 
mal metaphase chromosomes on a microscope 
slide for differentially painting them, a very 
labor-intensive methodology with limited reso- 
lution. With the advent of DNA microarrays 
[39] and its application to CGH, these limita- 
tions were overcome. 

CGHa [40] uses for hybridization an array 
[39], that is, a solid surface containing thou- 
sands of DNA fragments (probes) located at 
specific positions, instead of metaphase chro- 
mosomes. Each of these probes corresponds to 
a known DNA sequence that is complementary 
of a human genome region of interest. The 
probes can be from oligonucleotides [25—85 
base pairs (bp)] or chromosome-specific DNA, 
to genomic clones such as bacterial artificial 
chromosomes (80,000—200,000 bp). Because 
probes are several orders of magnitude smaller 
than metaphase chromosomes, the theoretical 


resolution of CGHa is proportionally higher 
than that of traditional CGH [3,18,40]. 

The experimental protocol of CGHa is sche- 
matized in Fig. 4.4. In the CGHa hybridization 
step, red (reference) and green (test) labeled 
DNA fragments compete to anneal to their 
complementary probes on the array. Next, dig- 
ital imaging systems are used to capture and 
quantify the relative fluorescence intensities of 
the labeled DNA fragments that have hybrid- 
ized to each probe. After that, the ratio of 
green:red fluorescence is computed to reveal 
the relative number of DNA copies for each 
region of interest in the test sample compared 
with the reference. For unaltered chromosomal 
regions, the green and red probes should bind 
equally, resulting in an orange/yellow color. 
However, if a chromosomal region was deleted 
in the test sample it will appear red and if it 
was amplified it will appear green, thus allow- 
ing detection of chromosomal abnormalities 
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that can aid selection against chromosomally 
abnormal embryos before transfer [18,40]. 

In the context of PGT, CGHa has been suc- 
cessfully applied for the detection of aneuploi- 
dies (at the single chromosome level) and 
chromosome breakages and rearrangements 
(as translocations) in <48 hours or even <24 
hours, involving many improvements with 
respect to FISH or conventional CGH. 
However, all these molecular cytogenetic tech- 
niques lack the capability to diagnose altera- 
tions at a gene level, such as those associated 
with monogenic diseases [3,18]. 


Single-nucleotide polymorphism array and 
karyomapping 

Single-nucleotide polymorphism arrays 
(SNPa) were first introduced in 1998 to deter- 
mine the linkage between a disease locus and a 
chromosomal region for genotype—phenotype 
association [41]. SNPs are single-nucleotide (A, 
T, C, and G) variations occurring approxi- 
mately every 1200 bp of the DNA and present 
in <1% of the human population. Each of the 
bases that can occur at a single SNP is defined 
as an allele and, since SNPs are naturally bial- 
lelic and humans have two pairs of each chro- 
mosome, the genotype of each SNP can adopt 
three forms: homozygous for alleles A (AA) or 
B (BB), and heterozygous (AB). 

Because specific groups of alleles belonging 
to different SNPs might be linked and inher- 
ited together as DNA blocks or haplotypes, 
SNP genotyping allows indirect diagnosis of 
monogenic disorders when the evaluated SNPs 
and the mutation locus belong to the same 
haplotype, which is an advantage over CGHa. 
Moreover, SNPa platforms contain probes 
designed for detection of copy-number varia- 
tions—duplications, deletions, and insertions of 
>1Kb—and indels—deletions and insertions 
of <1 Kb—at a gene resolution. 

High-density SNPa can _ simultaneously 
genotype from tens of thousands up to millions 


of SNPs scattered through the whole genome, 
with two main SNPa chemistries (Fig. 4.5): 


e Affymetrix SNPa [41,42] consist of 25-mer 
allele-specific oligonucleotide (ASO) probes 
that are synthesized in situ on a solid 
surface by photolithographic methods. For 
each interrogated SNP, ASO probes for its 
two possible alleles are in separate positions 
of the array. The overall strategy is based on 
the preferential hybridization of the 
previously amplified, fluorescently labeled 
and denatured DNA fragments with their 
perfect complementary ASO probes. 

e Illumina Bead Chip SNPa [43,44] consist of 
50-mer oligonucleotide probes that target 
one base upstream to the SNP rather than 
the SNP itself. These probes are attached to 
silica beads randomly distributed in array 
microwells and SNP alleles are 
distinguished by enzymatic single-base 
extension of the probe using the hybridized 
DNA target as a template and differentially 
fluorescent labeled nucleotides. 


For both types of SNPa design, fluorescence 
signal intensities are detected and _ prepro- 
cessed, normalized, and summarized by probe 
replicates to compute pairs of allele measure- 
ments for each evaluated SNP, which are then 
used to address the embryo genotype and infer 
DNA abundance and SNP allele ratio [45]. 
Finally, these parameters are then compared 
with those of normal reference samples (usu- 
ally a close relative) or the human HapMap ref- 
erence genome to select nondefective embryos 
for transfer. 


Karyomapping 

One SNPa application that arose in 2010 to 
specifically select against embryos carrying 
monogenic inherited disorders was genome- 
wide haplotyping or karyomapping [46]. To 
build an embryo karyomap, DNA samples 
from the embryo and the peripheral blood of 
both progenitors and one or more relatives 
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FIGURE 4.5 General scheme of a single-nucleotide polymorphism array (SNPa). Contrary to comparative genomic 
hybridization array (CGHa), in SNPa the DNA from tests and references is hybridized in separate microarrays. Once 
extracted, the DNA can follow two protocol chemistries. (A) The protocol followed by Affymetrix SNPa consists of DNA 
fragmentation and adapter ligation, followed by amplification, additional fragmentation, denaturalization, and fluores- 
cence labeling and hybridization to ASO probes. (B) The protocol followed by Illumina SNPa includes a first amplification 
and fragmentation of the DNA, a denaturalization step, hybridization of nonlabeled DNA with probes that are comple- 
mentary, and a single-base extension with nucleotides labeled with different fluorochromes. For both chemistries, after 
hybridization fluorescent signals are scanned and preprocessed for SNP genotyping and allele ratio computation. ASO, 
Allele-specific oligonucleotide; SNP, single-nucleotide polymorphism. 


affected by (or carriers of) the genetic disorder 
are needed. These relatives would be estab- 
lished as the “references” and can be an 
already affected child and/or the parents of 
the progenitors [46]. These DNA samples are 
hybridized in separate SNPa that typically 
evaluate 300,000 informative SNPs designed to 
look for specific variations that are characteris- 
tic of a defective chromosome [47]. Genotypes 
from the parents are then compared to the ref- 
erence to establish a DNA fingerprint for the 
chromosome that carries the defective haplo- 
type. Finally, this DNA fingerprint is com- 
pared to that of the embryo to select for 
embryo transfer those that did not inherit the 
defective haplotype [48]. 

Karyomapping was first commercialized by 
Illumina in 2013 and is currently used in more 
than 1000 clinics worldwide as a routine option 


for parents that are known to be carriers of an 
inherited monogenic disease and want to avoid 
passing it to their offspring during an IVF 
treatment [47]. Advantages over other array- 
based methods include the simultaneous detec- 
tion of monogenic and chromosomal disorders, 
the detection of loss of heterozygosity due to 
uniparental disomy or deletion, the identifica- 
tion of low levels of mosaicism or meiotic 
homologous recombination, the establishment 
of parental origin and follow up of genetic loci 
that can aid in future ARTs, and the selection 
of human leukocyte antigen-matching embryos 
to isolate cord blood stem cells at birth for 
transplantation to an existing child affected 
with a serious blood disorder [46,47,49,50]. 
Alternatively, the main limitations of these 
SNPa techniques are the need for reference 
samples, the fact that they do not genotype the 
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mutation directly, and the impossibility of 
detecting de novo disease variants [46,51]. 
These drawbacks are being partially solved 
with the application of NGS techniques. 


Next-generation sequencing 


DNA sequencing techniques are aimed at 
determining the nucleotide order of a DNA 
fragment. The first sequencing method was 
proposed by Sanger [52], being successfully 
applied to human genome sequencing in 2001 
[53]. However, this conventional method could 
only evaluate individual DNA fragments up to 
1000 bp in length. NGS methods allowed fast, 
automatic, massive, and parallel sequencing of 
millions of DNA fragments in a single experi- 
ment, increasing the efficiency and accuracy 
and decreasing time and economic costs. 

The molecular principles of NGS for PGT 
comprise several steps (Fig. 4.6). First, the 
embryo DNA sample is randomly fragmented, 
and adapters are added to both ends of each 
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resulting molecule, which then undergo denat- 
uralization and amplification by the previously 
described WGA PCR-based method. The 
amplified DNA fragments are then immobi- 
lized on a surface containing oligonucleotides 
that are complementary to the adapters. 
Afterwards, they are amplified to form small 
clonal clusters to be sequenced from one or 
both ends of the fragments—single-end or 
paired-end sequencing. There are several types 
of sequencing depending on the method 
used—fluorescence signals, pH changes—to 
identify the single nucleotides that are being 
incorporated to the DNA template during each 
cycle. Once the recorded signals are obtained 
for each DNA molecule, they are translated 
into sequence reads and mapped to the human 
reference genome for detecting genetic variants 
using different bioinformatic tools and 
databases. 

One advantage of NGS-based PGT methods 
is that they interrogate almost every nucleotide 


FIGURE 4.6 General 
scheme of the next-generation 
sequencing (NGS) technique. 
After extraction from the biop- 
sied embryonic cells, DNA is 
fragmented, and adaptors are 
added to both ends. DNA frag- 
ments are then denaturalized 
and amplified for library prepa- 
ration and sequencing. Reads 
are obtained in FASTA or 
FASTQ files and preprocessed 
for mapping with a reference 
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genome. Finally, variant-calling 
bioinformatic tools are used for 


genotyping. 
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in the genome, allowing not only the detection 
of inherited abnormalities but also de novo dis- 
covery of disease-associated variants, copy- 
number aberrations, all types of structural var- 
iants, and mitochondrial DNA mutations [6]. 

In fact, there are several maternal inheri- 
tance diseases caused by mitochondrial DNA 
mutations [54]. A new technique to select 
embryos without this type of diseases has been 
recently applied. This approach is known as 
the “three-parent” technique and, in 2016, gave 
rise to a healthy baby from a mother who was 
carrier of Leigh syndrome [55]. The method 
approved in the United Kingdom is termed 
pronuclear transfer and involves fertilizing 
both the mother’s egg and a donor egg with 
the father’s sperm. Before the fertilized eggs 
start dividing into early-stage embryos, each 
nucleus is removed. The nucleus from the 
donor’s fertilized egg is discarded and 
replaced by that from the mother’s fertilized 
egg [56]. However, this technique was not 
appropriate for the couple that wanted to have 
a baby without Leigh syndrome because they 
were opposed to the destruction of two 
embryos. Therefore a different approach was 
taken, called spindle nuclear transfer. In this 
method, the nucleus is removed from one of 
the mother’s eggs and inserted into a donor 
egg that had had its own nucleus removed. 
The resulting egg (with nuclear DNA from the 
mother and mitochondrial DNA from a donor) 
was then fertilized with the father’s sperm. 
Five embryos were created, only one of which 
developed normally [55]. This embryo was 
transferred to mother’s uterus and the healthy 
child was born 9 months later. 

NGS technologies are more precise than 
microarray methods and can be applied to the 
whole genome, to only the exome or gene- 
coding regions, or to only a set of genes that 
are relevant for specific diseases [6]. This last 
approach is the most used in clinical practice 
due to its reduced costs. The main limitation of 
NGS techniques is the huge number of variants 


detected and the interpretation of those var- 
iants of uncertain significance [27]. 


The endometrial factor: gene expression 
diagnostic tools to assess endometrial 
receptivity 


The endometrium is a highly complex and 
dynamic tissue that undergoes cyclic morpho- 
logical and physiological changes regulated by 
hormones. This tissue becomes receptive to the 
embryo during a variable and limited period 
around 2—4 days within the mid-secretory 
phase, known as the window of implantation 
(WOD) [57]. Two thirds of implantation failures 
are associated with a nonreceptive or defective 
endometrium [1,2], and this percentage 
increases in ART as the embryo factor is ruled 
out with PGT before embryo transfer. Knowing 
the endometrial status would allow clinicians 
to personalize embryo transfer to the moment 
of receptiveness in ART, thus increasing 
implantation and pregnancy rates. 

In the past few decades there have been huge 
efforts to develop diagnostic biomarkers of 
endometrial receptivity (ER) [2]. Conventional 
endometrial dating methods included luteiniz- 
ing hormone urinary surge monitoring, ultra- 
sound evaluation (including the widely 
investigated endometrial thickness) [2], and his- 
tological criteria [2,58]. However, these dating 
methods are currently being replaced by more 
precise techniques based on gene expression 
evaluation, such as RT-qPCR, DNA microar- 
rays, or NGS transcriptomic technologies (RNA- 
Seq). 

Since the molecular principles of PCR, DNA 
microarrays, and NGS have been described in 
the previous section for PGT of the embryo, 
here the focus is on their particularities and 
current clinical applications in assisted repro- 
ductive techniques for gene expression evalua- 
tion of the endometrial factor. 
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FIGURE 4.7 General scheme of DNA microarrays (A) and RNA-Seq NGS technologies (B) for gene expression eval- 
uation of the endometrial factor. After total RNA extraction from the endometrial biopsy, mRNA transcripts are selected 
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Fluorescent signals are detected and preprocessed for gene expression measure; (B) PCR amplified and sequenced for read 
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For all three approaches, ER gene expression 
evaluation starts from an endometrial biopsy 
collected on the day in which the endometrium 
is expected to be receptive according to the 
assisted reproductive technique, and in the 
previous cycle of the transfer. Total ribonucleic 
acid (RNA) is extracted from the biopsy and 
then retrotranscribed to complementary DNA 
(cDNA). Most techniques include an additional 
step of isolation of messenger RNA (mRNA) 
through its poly A tails before the retrotran- 
scription to select only protein-coding tran- 
scripts (Fig. 4.7). From this point, cDNA 
follows different preparations depending on 
whether gene expression is measured by RT- 
qPCR, DNA microarrays, or RNA-Seq. 


Reverse-transcription real-time 
polymerase chain reaction 


RT-qPCR [22,23] is a PCR-based method 
that quantifies gene expression at each 


amplification cycle thanks to the fluores- 
cent labeling of the DNA strands that are 
being newly synthesized. The higher 
the expression of a gene is, the faster will 
be increase in the fluorescent signal after 
each cycle. 

In 2013, the Window Implantation test (Win 
test) was commercialized to evaluate ER 
through quantification by RT-qPCR of the 
expression levels of 11 genes [59]. Five years 
later, a new endometrial receptivity test (ER 
Map/ER Grade) [60], also based on the RT- 
qPCR technique, was developed, evaluating 
the expression of 184 genes involved in endo- 
metrial proliferation and maternal immune 
response associated with embryonic implanta- 
tion [2]. 

Despite RT-qPCR being successfully applied 
in the diagnostic field, its use as a diagnostic 
tool to assess ER is limited by the reduced 
number of biomarkers that can be analyzed. 
ER is a multifactorial and highly complex pro- 
cess that involves changes in the expression 
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levels of a large number of genes. 
Consequently, the introduction of DNA micro- 
arrays and RNA-Seq panels has increased the 
diagnosis potential of ER, as these techniques 
are capable of simultaneously evaluating the 
expression of many genes. These high- 
throughput technologies have introduced the 
concept of transcriptomic profiles as the set of 
genes and their expression levels that are bio- 
markers of a given biological process or pheno- 
type, such as a receptive endometrium [61,62]. 


DNA microarrays 


When DNA microarrays are used to evalu- 
ate gene expression, the cDNA is labeled in 
the retrotranscription step and hybridized in 
the microarray with their respective comple- 
mentary probes. The numeric values obtained 
from the fluorescence signals are then trans- 
lated to expression levels of each evaluated 
gene through several bioinformatic steps, 
including background correction, normaliza- 
tion within and between arrays, and summari- 
zation from probe to gene, as a single gene 
may be represented by more than one probe in 
the array. This process is schematized in 
Fig. 4.7A. 

In clinical practice, there are currently several 
commercialized arrays to assess ER, such as the 
endometrial receptivity analysis (ERA test), 
which evaluates the expression of 238 genes [61] 
that are predictive of ER. The ERA diagnostic 
tool allowed clinicians to personalize embryo 
transfer in the cycle following the endometrial 
evaluation, decreasing those cases of recurrent 
implantation failures that are due to displace- 
ment of the WOI, and thus increasing pregnancy 
rates [63]. Despite these promising results, a 
recent review pointed out that comparison 
between embryo transfer outcomes in receptive 
versus nonreceptive endometrial profiles 
assessed by the ERA test has yet to be evaluated, 
and that information about its clinical value is 


expected with the publication of an ongoing 
randomized controlled trial (ClinicalTrials.gov 
Identifier: NCT01954758) [2]. 


RNA-Seq 


RNA-Seq uses NGS technologies to deter- 
mine gene expression [64]. In contrast to DNA 
microarrays, CDNA is not labeled but fragmen- 
ted and PCR amplified before being 
sequenced. The obtained sequences or reads 
are stored in a FASTA or FASTQ file and rep- 
resent transcripts rather than genomic DNA. 
The number of reads generated is associated 
with the concepts of coverage and depth, 
which in RNA-Seq they are defined as the per- 
centage of the sequenced transcriptome and 
the theoretical number of reads that could be 
mapped to the reference genome. Therefore a 
gene with high gene expression levels will 
have a high quantity of transcripts that will 
produce more reads after sequencing, which in 
turn will be translated into a deeper coverage 
in this region of the genome. After the prepro- 
cessing step, a gene expression matrix is gener- 
ated by computing the number of reads 
associated with each gene. The whole process 
is illustrated in Fig. 4.7B. 

Since NGS technologies have several advan- 
tages over DNA _ microarray technologies, 
including high resolution, accuracy, reliability, 
and the possibility of whole transcriptome eval- 
uation without prior sequence knowledge, 
array-based commercialized ER tests are being 
gradually replaced by updated NGS versions or 
newly developed tests that use this technology. 
In fact, the ERA diagnostic tool is currently an 
ER predictive method based on an RNA-Seq 
panel that evaluates the expression of 236 genes, 
all of them included in the original 238 genes 
evaluated in the array version described in 
“DNA microarrays” section [65,66]. 

The use of DNA microarrays or RNA-Seq 
technologies, and the subsequent comparison 
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through transcriptomic predictors between the 
obtained endometrial transcriptomic profiles at 
different times of the menstrual cycle, can then 
determine gene sets that are predictive of the 
receptive endometrial stage. 

Transcriptomic predictors are generated 
computationally by machine learning algo- 
rithms applied to, for instance, microarray or 
RNA-Seq gene expression data of known sam- 
ples (e.g., known menstrual cycle phase at time 
of endometrial biopsy) to make predictions for 
new unknown samples. To build a machine 
learning model, a set of samples, called a train- 
ing set, is used as a reference. The learning pro- 
cess can occur from a labeled training set 
(supervised learning, e.g., transcriptomic pre- 
dictors) or by using unlabeled transcriptomic 
information from the training set to structure 
data and define profiles (unsupervised learn- 
ing, e.g., clustering methods) [67,68]. Based on 
Microarray Quality Control (MAQC) phase II 
and MAQC phase III consortia, the FDA has 
established guidelines for classification perfor- 
mance using transcriptomics for diagnosis in 
medicine. This type of models are performing 
a self-assessment in a process called cross- 
validation, where prediction performance for 
the model is estimated. The possibility of clas- 
sifications using transcriptomic profile data is a 
powerful tool for clinical application and for 
personalizing reproductive medicine, espe- 
cially in endometrial factors [67,68]. 

Further studies are needed to evaluate the 
clinical value of all these endometrial evalua- 
tion tests that are dating the endometrium, 
regardless of the technique used to measure 
gene expression [2]. Despite the acquired 
knowledge on the implantation process, little 
progress has been achieved regarding the 
development of diagnostic, prognostic, and 
treatment tests for suboptimal ER [2]. NGS and 
other “omics” techniques may offer an oppor- 
tunity to discover new ER biomarkers able to 
address this highly complex and dynamic tis- 
sue. In addition, progress is being made on the 


discovery of ER biomarkers in endometrial 
fluid aspirate [2], as it is less invasive and may 
be performed without potentially affecting the 
pregnancy outcome [69]. 

Moreover, a new taxonomy of implantation 
failure has been published using  transcrip- 
tomic predictors [70], indicating that patients 
who fail to implant due to the endometrial 
factor may have a displaced WOIWOI and/or 
a pathological WOI characterized by gene 
expression alterations. While a displaced WOI 
can be treated with personalized embryo trans- 
fer (pET), the establishment of a transcriptomic 
profile that is predictive of a pathological WOI 
is another issue. In addition, it has been 
reported that biomarker discovery associated 
with endometrial pathologies (e.g., recurrent 
implantation failure) is masked by the effect of 
the menstrual cycle and, consequently, this 
effect needs to be removed in advance to accu- 
rately identify those genes associated with a 
pathological WOI [70,71]. Future diagnostic 
tools aimed at evaluating the endometrial fac- 
tor will need to consider these multiple causes 
of implantation failure to develop personalized 
treatments and to increase pregnancy rates. 


General conclusion 


The complementary clinical application in 
ARTs of PGT techniques (karyotyping, FISH, 
PCR, CGHa, SNPa, karyomapping, NGS) to 
select normal embryos, together with endome- 
trial gene expression technologies (RT-qPCR, 
DNA microarrays, and RNA-Seq) to ensure an 
optimum endometrium, is a diagnostic proce- 
dure that will contribute to an increase in the 
reproductive success of ART patients. 
However, endometrial factor evaluation proce- 
dures and their clinical application should 
improve in the coming years. An integrative 
overview of all the molecular techniques 
described in this chapter for embryo and endo- 
metrial evaluation is shown in Fig. 4.8. 
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Introduction 


In the winter of 1944, German troops 
occupied most parts of Europe, including the 
Netherlands. Because of the usual shortages of 
that time and a railway strike, German authori- 
ties implemented a policy that limited food 
rations allocated to the population of the 
Western region of the Netherlands. This epi- 
sode in history is known as the Dutch famine. 
And as brutal and tragic as it was, this event 
ended up helping us better understand how 
the environment plays a crucial role in human 
development [1]. It turns out that the Dutch 
population in question included pregnant 
women, meaning that individuals who had an 
in utero exposure to the famine were born and 
were followed up. The level of detail in which 
demographic and medical records were kept in 
the Netherlands allowed for the design of ele- 
gant human studies to evaluate the health con- 
sequences of intrauterine food deprivation [2]. 
Most of these studies concluded that the 
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environment did have an effect on the 
fetuses in utero, and that changes caused by 
food deprivation, such as higher adiposity 
and increased risk for disease, persisted 
through adulthood [2,3]. 

Given that the undernutrition period was 
transitory, one might ask, how was it possible 
to observe health effects 70 years later? In fact, 
there is evidence of transgenerational effects 
such as increased adiposity and morbidity due 
to prenatal exposure to those harsh conditions 
in utero [4,5]. Can the accessibility of our 
DNAs be modified by the environment? Are 
those modifications heritable? Does DNA have 
memory for these modifications? All these are 
examples of changes attributed to epigenetics. 
Although our DNA sequence is relatively 
stable (apart from de novo mutations and chro- 
mosome rearrangements), it turns out that the 
way it is packed and how its transcription 
is regulated can indeed be modified. In addi- 
tion, although those modifications are also 
stable through time, they are prone to changes 
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induced by environmental factors. Therefore 
we can define epigenetics as another level of 
organization of our DNA that regulates how 
and when genes are expressed. 

All cells in our body have the same genetic 
constitution in terms of DNA sequence (except 
for gametes produced in our gonads), yet a 
neuron has completely different structure and 
function than an epithelial cell, or a Sertoli cell. 
How does this programming originate? This is 
another phenomenon, that is, largely attributed 
to epigenetics. Although the DNA backbone is 
the same for all cells, the way it is organized 
and how some parts of that sequence get tran- 
scribed and expressed while others are silenced 
is regulated by several chemical and physical 
modifications. It has been suggested that epige- 
netics is the bridge between genotype and phe- 
notype, given that the phenotype is the direct 
consequence of how the genome is expressed 
and not what it codes for [6]. 

This chapter will focus on describing the 
major levels of epigenetic regulation in mam- 
mals, as well as its implications in other known 
phenomena such as aging and imprinting. In 
addition, special emphasis will be placed on 
the relationship between assisted reproductive 
treatment (ART) and epigenetic regulation. 
This is because, as we will discuss shortly, 
some of the most critical moments of epige- 
netic programming occur during preimplanta- 
tion development, a time when ART may 
impose different types of stress upon the early 
embryo compared to natural conception. 


Molecular mechanisms of epigenetic 
regulation 


As stated above, several chemical modifica- 
tions and physical interactions with other mole- 
cules are pivotal in determining which sections 
of the DNA will be expressed. These determine 
when and where genes are turned on and off. 
These modifications can be categorized into 


three main levels of epigenetic regulation: DNA 
methylation, histone modifications, and noncod- 
ing RNA regulation. The main features of each 
of these mechanisms and the most feasible 
methods to analyze them are described below. 


DNA methylation 


Methylation refers to the addition of a 
methyl group (—CH3) to a molecule. As simple 
as it may sound, this molecular change can 
determine how the corresponding region of the 
DNA molecule is interpreted by the cell, and 
therefore how its genes are either silenced or 
highly expressed. Usually, the addition of 
methyl groups occurs on the nucleotide cyto- 
sine, changing its nomenclature to 5- 
methylcytosine, and almost exclusively when it 
is followed by a guanine, thus forming a meth- 
ylated CpG dinucleotide (where “p” simply 
indicates that “C” and “G” are connected by a 
phosphodiester bond). Methylation is made 
possible by the enzymes called DNA methyl- 
transferases, which not only mediate de novo 
DNA methylation (such as the one observed 
during development and differentiation), but 
also help maintain DNA methylation status 
from one division to another [7,8] (because epi- 
genetic markers have a mitotic inheritance, 
meaning that all cells stemming from a tissue 
or exerting the same function will have a simi- 
lar epigenetic arrangement, i.e., established 
immediately upon cell division). Importantly, 
CpG dinucleotides tend to be clustered in what 
is called a CpG island [9], or regions of the 
genome of around 200 bases with a C + G con- 
tent of around 50% and a ratio of observed ver- 
sus expected CpG frequency of at least 0.6 [10]. 
CpG islands are generally associated with gene 
promoter regions [11], where, when methyl- 
ated, they result in gene silencing. Although 
other nucleotides can become methylated, in 
mammals DNA methylation occurs almost 
exclusively in CpG dinucleotides, and that is 
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why the chemistry of methods to detect and 
analyze this phenomenon focus entirely on 
cytosine methylation. 

Several methods are currently available to 
quantify DNA methylation, each with advan- 
tages and limitations. When the main goal is to 
profile global methylation of the genome, it is 
not critical to determine methylation levels for 
specific loci. Instead, an overall picture of the 
methylation level of a genome in question is 
obtained. Although these measurements may 
seem somewhat uninformative, altered global 
DNA methylation occurs in various diseases 
and has also been associated with tumors 
[12,13] and aging [14,15]. In addition, whole- 
genome methylation may also be used as an 
indirect measure of the methylation machinery 
function that operates in a cell [16,17]. 

If measuring overall DNA methylation is the 
ultimate goal, then the method considered as 
gold standard is high-performance liquid chro- 
matography or its variants [18—20]. Briefly, the 
DNA input is digested so that all nucleotides are 
hydrolyzed from the main DNA and separated 
by chromatographic approaches. Since methyl- 
ated and unmethylated cytosines have different 
molecular weights, they can be separated and 
quantified [18]. A ratio of the measurements 
obtained for methylated and unmethylated cyto- 
sines serves as an indicator of global methylation 
that can be useful when comparing different tis- 
sues or experimental treatments. However, this 
technique requires large amounts of DNA 
(>3 1g), not to mention highly complex instru- 
ments. As a result, other methods to quantify 
global methylation have been developed. Some 
rely on enzymatic digestion, meaning that the 
DNA input is treated with enzymes that cut the 
DNA in specific sites where there are CpG dinu- 
cleotides. Likewise, some enzymes will only cut 
if there is no methyl group that can hinder 
enzyme—DNA binding. Therefore by detecting 
and quantifying DNA fragments after enzymatic 
digestion an overall estimate of CpG methylation 
becomes available for that sample [21—25]. 


Before describing the methods for locus-spe- 
cific methylation, it is important to mention 
that several techniques that measure both 
global and locus-specific methylation are based 
on a chemical reaction called bisulfite conver- 
sion (Fig. 5.1). This method consists of induc- 
ing deamination (removal of the amine group 
—NHS) of the nucleotide cytosine using bisul- 
fite (HSO3_), which changes the cytosine into 
uracil. This conversion is often followed by 
polymerase chain reaction (PCR) to amplify the 
bisulfite-treated templates. Since cytosine 
methylation blocks the bisulfite conversion, 
those unmethylated cytosines will appear as 
thymines in the new PCR products, while the 
methylated ones will continue to be sequenced 
as cytosines [26—29]. 

Whole-genome bisulfate sequencing 
(WGBS) is a widespread assay that merges 
bisulfate conversion with next-generation 
sequencing. After DNA is fragmented, treated 
with bisulfite and sequenced, overall estima- 
tions of cytosine methylation can be _per- 
formed. Nevertheless, coverage of the genome 
is not optimal in many cases, and may there- 
fore require more sequencing at higher costs if 
an acceptable representation of genomic CpGs 
is desired [30,31]. 

Additional methods relying on bisulfite con- 
version chemistry are available to determine 
the methylation status of specific loci in the 
genome. A common assay similar to WGBS is 
reduced representation bisulfite sequencing 
[32]. In this case, only a fraction of the genome 
enriched in CpG dinucleotides is sequenced. 
After DNA enzymatic digestion, this technique 
can provide information for around 85% of all 
CpG island sites [33]. In addition, commercial 
arrays are available that do not involve 
sequencing, but have probes that bind to either 
uracil or cytosine after bisulfite conversion. By 
following this method, not only are experiment 
costs dramatically decreased, but specific loci 
can be tested for methylation, depending on 
how primers are designed [34,35]. 
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Bisulfite treatment (HSO, ) 


J 
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FIGURE 5.1 Bisulfite conversion. An example of a DNA sequence with both methylated and unmethylated cytosines is 
depicted in this figure. When the DNA sample is treated with the ion bisulfite (HSO3 ), cytosines that are not methylated 
lose their amine group (—NH3) in a reaction called deamination, resulting in the nucleotide uracil (underlined). On the other 
hand, methylated cytosines remain intact after bisulfite treatment and therefore persist as cytosines. This DNA product is 
further amplified by polymerase chain reaction (PCR), where the nucleotide thymine is incorporated instead of uracil 
(underlined) in subsequent rounds of DNA amplification. The final amplified DNA can undergo sequencing or hybridiza- 
tion to customized arrays where information regarding methylation sites can be retrieved. If a cytosine residue remains as 
a cytosine after bisulfite conversion and sequence amplification, this finding indicates that it was originally methylated. 
Conversely, if a cytosine residue is changed to a thymine, this suggests that it was not methylated. 


Histone modifications 


Histones are the proteins with which the 
DNA is packed and organized in most cells. A 
DNA double strand coiled around a core of his- 
tones constitutes a structural unit called the 
nucleosome (Fig. 5.2) [36,37]. A major determi- 
nant of whether a gene is expressed or not is its 
accessibility. Indeed, while transcription factors 
might be available and the cell’s transcriptional 
machinery active, the DNA region coding for 
that gene should be accessible for effective gen- 
eration of messenger ribonucleic acid (mRNA). 
Histones play a major role in the regulation of 
chromatin accessibility due to the fact that these 
proteins may undergo more than 100 types of 
posttranscriptional modifications that will either 
loosen the DNA packaging, thus making it 


available for transcription or replication, or that 
will tightly pack the nucleosome so that access 
to the DNA is limited. In addition, modified his- 
tones can either promote or impede protein 
recruitment [38,39]. The transcription process 
has several steps with various proteins being 
indispensable, therefore modifying protein 
recruitment directly alters whether DNA is tran- 
scribed or not. As a result, genes can be turned 
on and off by modifying how DNA is packed 
and which proteins are allowed to interact with 
it [40,41]. 

Histone modification is defined as any cova- 
lent addition of a chemical group (acetylation, 
methylation, ubiquitination, phosphorylation, 
etc.) that occurs posttranscriptionally. These 
chemical changes can affect internucleosome 
interactions, and also protein recruitment as 
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FIGURE 5.2 The nucleosome. A nucleosome is the structural unit in which DNA is packed and organized in the cell 
nucleus. The DNA double strand is coiled around a core of proteins called histones. Nucleosome structures are dynamic 
and are major regulators of chromatin accessibility and therefore gene expression. Protrusions of histone proteins from the 
nucleosome proteic core are known as histone tails. Most histone modifications occur in these tails. Examples of acetylated 
and methylated lysine residues are shown in this figure. These are moieties covalently linked to histones that exert a regu- 


latory function in chromatin structure and accessibility. 


stated above [40]. Among the different types of 
histone modification, acetylation was one of the 
first to be characterized [42,43]. It was observed 
that when a lysine residue of the N-terminal tail 
of the histone is acetylated, transcriptional activ- 
ity and chromatin accessibility are enhanced. 
On the other hand, if the modification is the 
addition of a methyl group, an opposite effect 
occurs [44]. Importantly, the type of histone 
modification (whether it is an acetylation, meth- 
ylation, or the addition of a phosphate group) is 
not as important as the target, since depending 
on which histone residue is modified, the result 
can be either silencing or increased expression 
of the gene of interest [45]. 

Due to the effects of histone modifications 
on chromatin accessibility by transcription fac- 
tors and other proteins, quantifying the extent 
to which DNA is accessible provides a useful 
measure of the epigenetic regulation exerted 


by histones. This is accomplished mostly by 
determining how susceptible a DNA sequence 
is to cleavage or other enzymatic modifications 
[46]. For example, one of the first methods that 
coupled DNA susceptibility to cleavage and 
PCR amplification, treated DNA samples with 
DNase I, an enzyme that cleaves DNA. Under 
the principle that inaccessible DNA is pro- 
tected from enzymatic action, PCR and further 
array hybridization or sequencing technologies 
enable the researcher to interrogate to what 
extent chromatin is accessible by quantifying 
lengths of fragments and where DNase clea- 
vages take place more often [47—50]. Likewise, 
the method micrococcal nuclease sequencing 
(MNase-seq) also performs DNA digestion, but 
in this case the intact DNA that remains bound 
to a nucleosome is isolated and sequenced, and 
thus regions of restricted accessibility are 
unveiled [51,52]. 
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Furthermore, chromatin immunoprecipitation 
(ChIP) assays have also been exploited to 
interrogate what segments of the DNA 
sequence are more tightly associated with the 
proteic core of the nucleosome. In a ChIP 
assay, DNA is cross-linked to proteins that 
interact with that specific sequence at a spe- 
cific moment or developmental stage. Next, 
chromatin undergoes fragmentation and any 
protein—DNA complex is captured by an anti- 
body specific for the protein in question. 
Antibodies for histones and even specific his- 
tone modifications would shed light on what 
regions of chromatin are associated with 
them. Finally, DNA is dissociated from the 
precipitated proteins and is subjected to either 
hybridization to an array with selected probes 
or sequencing [53]. The latter is known as 
ChIP-seq, which has gradually replaced its 
array counterpart since it allows to analyze a 
much larger portion of the genome at lower 
costs. Nonetheless, a high-quality DNA input 
is vital in this assay to achieve adequate 
sequencing depth for data analysis [54]. 

Another method that has recently gained 
popularity for these measurements is the assay 
for transposase-accessible chromatin using 
sequencing. For this technique, DNA 
sequences that work as adapters for down- 
stream sequencing are inserted into open and 
accessible chromatin regions. By following this 
protocol, very proximal DNA fragments with 
adapters indicate that chromatin was easily 
accessible. On the other hand, DNA regions 
with limited accessibility are not sequenced 
and silenced gene activity can be inferred 
[55,56]. 

Finally, an additional method to assess chro- 
matin accessibility is based on DNA methyla- 
tion and the bisulfite conversion chemistry 
mentioned above. In this case, methylation of 
DNA is an indirect indicator of open and 
accessible chromatin, since only these regions 
are accessible by methyltransferases. As a 
result, and after bisulfite treatment and 


sequencing, CpG methylation indicates open 
chromatin regions versus the unmethylated 
ones, which are most likely regions tightly 
packed and with absent transcriptional activ- 
ity. This method is known as nucleosome occu- 
pancy and methylome sequencing [57,58]. 


Noncoding RNAs 


As mentioned above, DNA methylation and 
histone modification are the two major 
mechanisms of epigenetic regulation in mam- 
mals. Nevertheless, recent findings suggest 
that the definition of epigenetic regulation goes 
beyond these two processes. Noncoding RNAs 
have been proposed as a third level of epige- 
netic regulation because they play pivotal roles 
in regulating gene expression without causing 
a change in the DNA sequence, which is the 
basic definition of epigenetics. 

Only around 2% of the human genome is 
estimated to be transcribed and translated into 
protein, while the vast majority of the genome 
is transcribed but not translated [59]. Several of 
the untranslated RNA species have been found 
to interact with both the DNA and it binding 
protein complexes, resulting in either enhance- 
ment or suppression of gene expression. These 
RNA species can be divided into two major 
groups based on their length: long noncoding 
RNAs (IncRNA) are longer than 200 base pairs 
(bp) and may originate from transcribed 
introns or other coding sequences. Short non- 
coding RNAs have less than 200 bp and their 
mechanism of function, cell origin, and role in 
disease and diagnostics have been hitherto 
extensively studied, most importantly due to 
their high stability in contrast to other RNA 
species [60,61]. 

How these noncoding RNAs actually exert 
epigenetic regulation depends on numerous 
mechanisms and pathways, but a common 
denominator is protein recruitment. In the case 
of IncRNAs, protein complexes such as the 
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polycomb group (PcG) are recruited once an 
IncRNA finds complementarity to a certain 
DNA sequence, and start the formation of het- 
erochromatin (tightly packed and inaccessible 
chromatin), as is the case of chromosome X 
inactivation, where gene expression is totally 
silenced [62—64]. Among the short noncoding 
RNAs, micro-RNAs (miRNAs) have _ been 
extensively characterized. Not only do 
miRNAs recruit protein complexes that silence 
and/or degrade mature mRNAs [65,66], they 
also regulate the expression of proteins that 
have direct epigenetic functions such as the 
PcG, methyltransferases, and deacetylases 
[67—69]. 


Epigenetics of aging 


The phenomenon of aging is a highly com- 
plex process that involves a myriad of biologi- 
cal changes in cell function caused by 
numerous biochemical events. This process can 
be understood as a gradual loss of functionality 
(either at a cell or organism level) that results 
in increased risk of disease, and eventually 
death [70—72]. 

Since aging involves major changes in cell 
function and since the epigenome plays a cru- 
cial role in the regulation of gene expression 
and cell fate decisions, aging research has 
recently focused on the epigenetic mechanisms 
as a potential master-regulator of this process. 
The fact that two organisms that share the 
same genetic background can age differently 
and present diverse lifespans is another argu- 
ment in favor of how environmental changes 
affect the aging process [73]. In fact, epigenetic 
studies have provided evidence that most 
environmentally induced modifications in cel- 
lular function are mediated by epigenetic 
changes such as histone modifications, altera- 
tions in DNA methylation, and even expres- 
sion of noncoding RNAs, all described above. 


Histone modifications and aging 


One important event linking epigenetics and 
aging is loss of histones. In many organisms, 
including invertebrate animal models and 
mammals, global loss of histones has been 
reported in aged organisms compared to youn- 
ger populations [74,75]. As stated above, his- 
tones are the core component of nucleosomes 
and are highly responsible for regulating 
chromatin organization and _ accessibility. 
Consequently, depletion of histones results in 
loss of nucleosomal structures, which trans- 
lates into open and accessible chromatin. 
Indeed, a_ well-characterized phenomenon 
associated with aging cells is loss of hetero- 
chromatin (regions of tightly packed DNA, i-e., 
transcriptionally silent) [76], with significant 
potential repercussions, two of which have 
been proposed as pivotal in the aging process: 
gene expression deregulation and genome 
instability. 

Transcriptional deregulation has been evi- 
denced in aged cells due to excessive open 
chromatin. Transcriptional deregulation can 
result in increased global transcriptional ampli- 
fication, meaning that genes start to be 
expressed uncontrollably, culminating in unen- 
durable cell instability and eventually loss of 
function. Similarly, genes that are supposed to 
be silent may become accessible by the tran- 
scriptional machinery and upregulated, induc- 
ing cellular chaos and suboptimal functionality 
[77]. In addition, noncoding genomic regions 
that are normally silent and packed in hetero- 
chromatin domains may become accessible and 
transcribed once the nucleosomes cease to 
exist. Some of the resulting transcripts origi- 
nate from retrotransposable elements, which 
are genomic regions that can move and become 
inserted into other genomic positions causing 
insertional mutations, copy number variations, 
and even gene conversions [78]. This genomic 
instability is typical of aging cells and happens 
because those unwanted transcripts may 
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undergo reverse transcription, resulting in the 
formation of complementary DNA copies that 
may subsequently be inserted into the genome 
[79,80]. 

Although loss of histones primarily results in 
loss of heterochromatin and increased chroma- 
tin accessibility, heterochromatization in other- 
wise normally open chromatin has also been 
reported in aging models. In fact, this is a fea- 
ture of senescent cells [81,82]. Senescence refers 
to the process where cells undergo programmed 
growth arrest due to various cues. While cell 
senescence often occurs in the context of aging, 
these are two distinct processes, since senes- 
cence has also been observed in embryonic 
stages as a mechanism to orchestrate cell fate 
[83,84]. Heterochromatization during aging is 
mainly due to altered histone modifications, 
potentially caused by defective enzymatic activ- 
ity on histone residues. For instance, both meth- 
ylation and demethylation of histones have 
been associated with restructuring of the nucle- 
osome and increased heterochromatin [85,86]. 
Conversely, increased histone acetylation has 
been observed in human aged cell lines, result- 
ing in increased chromatin accessibility and 
expression of genes important for autophagy 
and stress response [87]. 

Therefore both loss and gain of heterochro- 
matin (the latter mostly associated with senes- 
cence [88]) are observed in aging organisms, 
depending on specific epigenetic cues. As a 
result, the term heterochromatin redistribution 
has been proposed as a significant process 
mediating cellular aging, highlighting the 
importance of the epigenome [89]. 


DNA methylation and aging 


DNA methylation is also a major player in 
linking epigenetics and aging. As mentioned 
above, CpG methylation in mammals is mostly 
associated with repression of gene expression. 
In aged organisms, however, the observed 


pattern is gradual loss of DNA methylation 
[90-92]. The consequences of this are some- 
what similar to those described for chromatin 
reorganization resulting from loss of histones, 
where genomic regions that used to be tran- 
scriptionally silent become accessible, resulting 
in transcriptional deregulation and genome 
instability. DNA methyltransferases play a key 
role in maintaining methylation, which is 
why depletion of these enzymes is usually 
implicated in the process of aging [93,94]. 
However, similar to the paradox of heterochro- 
matin in aging, locus-specific DNA _ hyper- 
methylation has also been reported in aged 
individuals [95]. 

Furthermore, age-associated changes in 
methylation of specific loci seem to be surpris- 
ingly predictable in somatic cells and form the 
basis of the “epigenetic clock” concept. Indeed, 
Steve Horvath developed a model based on 
DNA methylation status of 353 specific CpG 
sites, which proved to be highly predictive of 
chronological age in a study with unprece- 
dented sample size and quality [96], a finding 
that was reproduced with a smaller set of CpG 
sites (71 CpGs) by Hannum et al. [97]. In both 
models, only the CpG sites most strongly asso- 
ciated with the subjects’ chronological age 
were included. Moreover, in the same study it 
was also observed that some subjects were pre- 
dicted as older than their chronological age by 
the epigenetic aging model, a circumstance 
also known as epigenetic age acceleration. This 
age acceleration was notably evidenced in can- 
cer tissues and those harboring mutations on 
tumor suppressor genes [96], which suggests 
that the epigenetic clock could provide addi- 
tional information regarding biological aging. 
This last term refers to an organism’s func- 
tional decline strongly associated with morbid- 
ity and mortality. For instance, two individuals 
of the same chronological age could differ 
greatly in their biological age [98]. 

In fact, since these epigenetic aging models 
were designed based solely on the high 
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predictability of an individual’s chronological 
age, some have questioned their applicability to 
predict risk of disease or other aspects of clinical 
relevance [98]. Nevertheless, using the epige- 
netic aging model proposed by Horvath [96] in 
a cohort of semisupercentenarians (individuals 
reaching ages of 105—109 years) it was found 
not only that centenarian subjects were pre- 
dicted younger by the epigenetic clock, but also 
that their offspring were predicted younger 
than age-matched controls [99], suggesting that 
these epigenetic predictions are also indicative 
of biological age. Likewise, the same group 
developed another similar epigenetic aging 
model that included phenotypic traits of the 
study subjects and that set prediction of pheno- 
typic age rather than chronological as the pri- 
mary endpoint. This novel model proved to be 
superior to the previous ones in terms of predic- 
tion of all-cause mortality, cancers, and health- 
span [100,101], which in turn highlights its 
clinical applicability. In sum, this innovative 
concept of the “epigenetic clock” provides fur- 
ther and strong evidence that epigenetics and 
aging are inextricably linked phenomena [102]. 


Epigenetics and reproductive aging 


Given the clear association between the epi- 
genome and the aging process described so far, 
it is expected that epigenetic regulation is also 
vital in reproductive aging, especially as it is 
well established that fertility declines with 
increased age in most organisms [103]. With 
respect to female reproductive aging, ovarian 
aging seems to be the primary focus, and it 
refers to the declining capability of ovaries to 
generate oocytes of good quality and in good 
number after controlled ovarian stimulation 
[104]. In fact, it has been shown that gene 
expression in oocytes of women of advanced 
maternal age is altered compared to younger 
women [105]. These age-dependent changes to 
the oocyte transcriptome can be explained by 


altered epigenetic cues and_ regulators. 
Expression of DNA methyltransferases, the 
enzymes responsible for DNA methylation, has 
been reported to differ between oocytes from 
young and old mice [106], and can therefore be 
the cause of the global transcriptional changes 
observed during ovarian aging. In addition, 
other key epigenetic regulators such as histone 
modifications are altered in aged oocytes. For 
instance, histone methylation patterns in 
immature oocytes from mice are significantly 
different between young and older females 
[107]. Likewise, maternal age has also been 
linked to decreased histone deacetylation in 
human oocytes [108]. 

As mentioned above, DNA methylation pat- 
terns of selected loci in the genome proved to 
be predictive of an individual’s age and were 
therefore referred as the “epigenetic clock” 
described by Horvath [96,102]. Following a sim- 
ilar hypothesis, a recent study posed the ques- 
tion of whether the somatic methylome 
measured in cumulus cells using the Horvath 
model (based on 353 CpG sites) predicted age 
or ovarian response to stimulation in women 
undergoing in vitro fertilization (IVF). Four 
groups were compared: younger women (<35 
years old) with normal response, younger 
women with poor response, older women (> 40 
years old) with expected response, and older 
women (> 40 years old) with high response. 
Interestingly, the age predicted in cumulus cells 
was much younger then chronological age 
(approximately 10 years old), and did not differ 
between younger and older reproductive-age 
women or between those with normal or poor 
response [109]. The findings of this study sug- 
gest that the mechanisms of epigenetic regula- 
tion in reproductive tissues might be different 
than in nonreproductive somatic tissues. 

Paternal age has been shown to negatively 
impact fertility in various ways such as 
increased time to pregnancy, altered sperm 
epigenome, and disease susceptibility in the 
offspring [110]. The most studied epigenetic 
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mark in sperm is DNA methylation. In sperm 
from older rats, for instance, a global hyper- 
methylation was observed, while loci-specific 
demethylation was also reported [111]. This is 
in contrast to most somatic tissues which show 
the opposite methylation patterns [6]. An ele- 
gant study that compared sperm methylation 
patterns of samples collected from the same 
men 10—20 years apart identified specific loci 
that undergo predictable changes in DNA 
methylation [112]. Moreover, the same group 
found that loci that undergo age-related meth- 
ylation changes in sperm retain those changes 
after fertilization and can potentially transmit 
to their offspring, a phenomenon already 
described in mice [113]. In addition, the theory 
of the “epigenetic clock” described above was 
also tested with sperm samples [96]. The study 
identified 51 CpG sites that predict a man’s age 
with an accuracy of 94% [114]. 


A special aspect of epigenetics: 
imprinting 


It is well established that abnormal fertiliza- 
tion can result in embryonic arrest, improper 
preimplantation development, and in some 
cases aberrant phenotypes in implanted 
embryos. Studies in mice have reported that 
when the male pronucleus is replaced by a sec- 
ond female pronucleus in a fertilized oocyte, 
the resulting monoparental embryo does not 
develop normally and becomes a teratoma 
[115]. Similarly, when an embryo has only 
paternal genomes, for example, by fertilization 
of a genetically void oocyte by two sperms, the 
resulting embryo undergoes excessive tropho- 
blast proliferation and forms a hydatidiform 
mole [116,117]. These two phenomena indicate 
that in addition to having the correct DNA 
copy number, normal embryonic development 
requires parental genomes of both sexes to be 
present. This requisite for normal development 
is explained by the fact that some loci in our 


genome are expressed in a parent-of-origin 
specific manner. This phenomenon is known 
as genomic imprinting [118]. Unlike the vast 
majority of our genes, which are expressed 
equally irrespective of whether they are inher- 
ited from our father or mother, approximately 
100 imprinted genes are expressed or silenced 
based on the parental origin of the chromo- 
some in which they are located [119-121]. 
When the required paternal or maternal 
genome is absent for imprinted genes, tran- 
scriptional imbalances occur and lead to abnor- 
mal development and clinical syndromes. 
Before the molecular basis of imprinting is 
described, it is paramount to first understand 
how epigenetic marks are reprogrammed dur- 
ing development and how imprinted regions 
slightly differ from the global genome in the 
way they are reprogrammed. The importance 
of DNA methylation as an epigenetic regulator 
was described in detail above. DNA methyla- 
tion is also a major regulator of genome-wide 
reprogramming during germ cell and embryo 
development. All cells in our body possess dif- 
ferent methylation patterns since they vary in 
function and therefore in transcriptional pro- 
grams. During embryonic development, those 
cells that will give rise to gametes undergo 
global demethylation, losing all epigenetic 
marks that other somatic tissues retain for nor- 
mal function [122—124]. These cells are called 
primordial germ cells (PGC) and their repro- 
gramming is indispensable for continuing dif- 
ferentiation into gamete precursors and 
eventually oocytes or sperm. In mammals, this 
reprogramming phase occurs before and dur- 
ing PGCs’ migration to the genital ridge [125]. 
This global methylation is then followed by a 
round of remethylation, which introduces 
parental specific epigenetic signatures to germ 
cells. For example, in males, the de novo meth- 
ylation finalizes before birth and is maintained 
by spermatogonial stem cells and the meioti- 
cally produced spermatozoa. In contrast, de 
novo methylation in females starts before birth 
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in meiotically arrested oocytes and culminates 
at the germinal vesicle stage [123,126]. These 
DNA methylation dynamics result in mature 
gametes with distinct methylation patterns 
reflecting their parental origin. 

Furthermore, once the oocyte is fertilized, a 
second round of demethylation or reprogram- 
ming occurs again with differential parental ori- 
gin dynamics. DNA in the male pronucleus 
undergoes rapid demethylation, whereas in the 
female genome the reprogramming is more 
gradual [127,128]. However, the important 
aspect to note in this second reprogramming 
event during preimplantation development is 
that the demethylation is not 100% complete, 
because some loci retain their parental methyla- 
tion patterns; these are the so-called imprinted 
regions. Finally, tissue-specific methylation pat- 
terns start being set during the blastocyst stage 
and in the postimplantation embryo establish- 
ing cell lineages, while simultaneously main- 
taining the imprinted marks that resisted the 
previous global reprogramming [129,130]. 


When imprinting goes bad 


Having established the dynamics of epige- 
netic reprogramming and how imprinted 
marks are retained after fertilization, it should 
be mentioned that this is an error-prone biolog- 
ical process that may have significant conse- 
quences. First, imprinted marks are generally 
cytosine methylations that mostly are not 
located in the coding DNA sequence, but 
rather in regulatory sequences. These regula- 
tory imprinted regions are known as imprinted 
centers containing differentially methylated 
regions [131], which, depending on their meth- 
ylation levels, can enhance or block transcrip- 
tion by orchestrating protein recruitment or 
inducing chromatin changes. Therefore an 
error in DNA methylation or failure to main- 
tain imprinted marks in these locations will 
result in abnormal gene expression. 


For example, epimutations are changes in 
the epigenetic marks of those regulatory 
regions or other chromatin modifications 
caused stochastically or by environmental 
stressors without modifying the DNA 
sequence [132—135]. If erasure of the maternal 
imprint is suboptimal during PGC reprogram- 
ming in a male, the produced sperm would 
retain its maternal imprints, thus resulting in 
an epigenetic imbalance once an oocyte is fer- 
tilized with that sperm. In addition, failure of 
maintenance of imprinted loci during the 
remethylation wave that occurs in the peri- 
and postimplantation stages of embryo devel- 
opment could result in some cells presenting 
hypermethylated imprinted loci, giving rise to 
epigenetic mosaicism since the epimutation 
happens postzygotically [135]. Imprinting dis- 
orders such as the Prader—Willi syndrome 
(PWS), Angelman syndrome (AS), and 
Beckwith—Wiedemann syndrome (BWS) are 
caused by these phenomena [131,134]. 


Assisted reproductive treatment and the 
epigenome 


Assisted reproductive technology is defined 
as “all interventions that include in vitro han- 
dling of both human oocytes and sperm or of 
embryos for the purpose of reproduction” 
[136]. As a result, it is more than legitimate to 
hypothesize that ART can potentially affect the 
epigenetics of future babies since most of the 
major events of establishment of epigenetic 
marks and maintenance of imprinted regions 
occur in gametes and the preimplantation 
embryos, which are manipulated in vitro in 
IVF laboratories. Likewise, the epigenome 
seems to be the most plausible molecular 
mechanism in which environmental changes 
can permanently affect an organism through 
its lifespan [137]. In fact, the potential effects of 
ART on the epigenome have been investigated 
and reviewed exhaustively [138—142]. 
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For instance, it was reported by several 
studies that children born through ART are 
more susceptible to suffer imprinting disorders 
such as AS and BWS [139], although the abso- 
lute risk remains minimal. Moreover, studies 
in animal models have postulated that in vitro 
culture of mammalian embryos affects not only 
gene expression patterns [143], but also DNA 
methylation at imprinted loci [144-146]. 
Despite the ease with which in vitro and ani- 
mal models can study causation, establishing a 
causal relationship between an intervention (or 
an insult) and a clinical outcome in the new- 
born within the context of ART remains a chal- 
lenge due to the relatively unknown impact of 
parental infertility [147]. Therefore it is possible 
that many of the so far reported associations 
between ART and imprinting disorders are 
caused by infertility, rather than the ART treat- 
ment. Indeed, a Dutch study revealed that after 
correcting for parental infertility factors, there 
was no apparent association between ART and 
AS, PWS, or BWS [148]. 

Although it is clear that ART imposes non- 
physiological and many times invasive manip- 
ulations on gametes and embryos, and 
investigation of possible detrimental effects of 
ART in children is more than encouraged, it is 
also of the utmost importance to investigate 
epigenetics as a tool that could potentially 
improve culture conditions, micromanipula- 
tion techniques, and ultimately clinical out- 
comes. Moreover, our recently deeper 
understanding of epigenetics has allowed 
reproductive research to focus on the epigen- 
ome as a potential source of biomarkers for 
reproductive competence, as described below. 


The epigenome as a tool to improve 
assisted reproductive treatment 


The implementation of preimplantation 
genetic testing for aneuploidies in in vitro gen- 
erated embryos has provided the field of ART 


with substantial benefits, such as higher 
implantation rates per transfer, reduced mis- 
carriage rates, and shorter time to achieve 
pregnancy. However, roughly one third of 
chromosomally normal embryos fail to 
implant, stressing the need for additional bio- 
markers for reproductive fitness [149]. A recent 
study assessed the global DNA methylation 
levels by means of WGBS of trophoectoderm 
biopsies from IVF-generated human embryos 
donated for research in order to establish the 
grounds for investigating global methylation as 
a potential biomarker in human blastocysts. 
The authors found that global methylation was 
significantly higher in aneuploid embryos com- 
pared to euploid embryos and that embryos 
from older patients also presented overall 
higher DNA methylation levels [150]. 

Not only was this study motivated by the 
urge of finding potential biomarkers of embryo 
viability in the epigenome, but it also 
highlighted the challenges of epigenetic assess- 
ments. For example, although data in animal 
models have provided some hints about DNA 
methylation in preimplantation embryos, it is 
imperative to first establish what would be 
considered normal values in human embryos 
before identifying abnormal deviations that 
could become potential biomarkers of embry- 
onic competence; a step that would require a 
large sample size. In addition, it is highly likely 
that once the method for DNA methylation 
quantification is well validated and embryos 
with diverse outcomes are analyzed, the differ- 
ences between embryos that implant and those 
that do not might be so small that the imple- 
mented method may not be sensitive enough 
to detect them. 


Summary and conclusions 


Epigenetic marks are pivotal determinants 
of how cellular identity and lineages are 
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established during development. As stated 
above and proposed elsewhere, the epigenome 
is the bridge between the genotype and the 
phenotype. DNA methylation, histone modifi- 
cations, and noncoding RNAs are the three 
major levels of epigenetic regulation in mam- 
mals. Currently, several methodologies are 
available to study these epigenetic marks, 
shedding light on the dynamics of epigenetic 
regulation and how aberrations in chromatin 
accessibility may result in disease and aging. 
Both male and female reproductive aging are 
associated with epigenetic changes, where the 
role of DNA methylation has been widely 
studied. Furthermore, genomic imprinting 
mandates that both the maternal and paternal 
genomes are present in cells for normal devel- 
opment, due to the parent-of-origin differential 
gene expression seen for some genes in 
mammals. 

The overlap that exists between the most 
remarkable events of epigenetic reprogram- 
ming that occur during preimplantation devel- 
opment and the developmental stages at which 
gametes and embryos are manipulated in ART 
raises concerns regarding potential untoward 
effects on the epigenetic landscape of ART- 
born children. Nevertheless, clear evidence for 
causation between ART and imprinting or epi- 
genetic disorders in humans is still lacking. 
Finally, a better understanding of epigenetics 
and how it regulates early mammalian devel- 
opment has encouraged recent research to 
address the epigenome as a tool for improve- 
ments in ART. 
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Introduction 


Endometriosis, characterized by the presence 
and growth of functional endometrial-like tis- 
sues outside the uterine cavity, is an estrogen- 
dependent disorder affecting 6%—10% of 
reproductive-age women [1]. As a major con- 
tributor to pelvic pain and subfertility, endome- 
triosis impacts negatively on women’s quality 
of life, work productivity, sexual relationships, 
and self-esteem, mainly because of chronic, 
debilitating pain and infertility [2—6]. Despite 
extensive research, its pathogenesis still remains 
an enigma [7]. 

Given this state, one simple, brute-force 
approach, that is, the genetic approach, is very 
appealing. One does not need to know any- 
thing about the molecular genetic mechanisms 
underlying endometriosis, but through the col- 
lection of pedigrees enriched with patients 
having the disease or large samples of unre- 
lated patients and healthy women, one could 
use existing genetic signposts [called DNA 
markers, which are aplenty and_ scattered 
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throughout the entire human genome with 
known locations, thanks to the Human 
Genome Project (HGP)] and localize the 
responsible gene in a particular chromosomal 
region(s). Once the gene(s) is(are) identified, 
one can hope to better understand the patho- 
genesis of endometriosis, dissect the pheno- 
typic heterogeneity, and make a risk prediction 
[8]. This is of particular appeal since the entire 
genome sequence data of a person can be 
stored on a DVD disc or a flash drive, and, 
once all susceptibility genes are identified and 
their risks are quantified, her risk of develop- 
ing endometriosis could be predicted once she 
is born. 

There were indeed successful stories with the 
genetic approach. Huntington’s disease, for 
example, was once viewed as a difficult disease 
with unknown pathogenesis. Using the genetic 
approach, the gene for Huntington’s disease 
was identified and ultimately cloned [9]. Even 
for breast cancer, a fairly common cancer, one 
susceptibility gene was localized on chromo- 
some 17 in 1990 [10] and later cloned [11]. 
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These successes generated enormous enthusiasm 
in the use of the same genetic approach, with the 
hope that for many complex diseases such as 
diabetes, cardiovascular diseases, and endome- 
triosis that invariably have an elusive patho- 
genesis and collectively contribute to the major 
health burdens, their pathogenesis could be 
unveiled by hunting down their susceptibility 
genes [12]. The simplicity of the study design, 
called a genetic association study (GAS), is also 
attractive: simply by comparison of the allelic 
frequency between women with endometriosis 
and those without, one can detect genes that 
confer risk of endometriosis. 

This enthusiasm was bolstered even further 
with the completion of the HGP, which now 
allows to read the entire DNA sequence of a 
human genome, touted by many as the “Book 
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genotyping technologies, typing of DNA mar- 
kers, especially the biallelic single-nucleotide 
polymorphisms (SNPs), has become cheaper 
and faster, making the scanning of the entire 
genome more feasible and easier. Such an 
approach, called a genome-wide GAS or 
genome-wide association study (GWAS), has 
gained enormous momentum since the HGP 
was Officially completed in 2003 (Fig. 6.1). 

In endometriosis, a deluge of GAS, includ- 
ing GWAS, papers attempting to find DNA 
variants that might be statistically associated 
with endometriosis have been published in the 
last two decades, reflecting the general interest 
in the use of a GAS/GWAS approach to find- 
ing genes for complex diseases (Fig. 6.1). 
However, despite an impressive list of publica- 
tions and enormous effort, the quest for genetic 
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FIGURE 6.1 Number of publications, indexed by PubMed, on genetic association studies (GASs) in general and on 
endometriosis from 1980 to 2018. The blue and red curves represent the GASs in general and on endometriosis, respectively. 
The y-axis on the left is for GAS-general, while the y-axis on the right is for endometriosis-specific GASs. The occurrences 
of several important events, such as the start of the Human Genome Project (HGP), are indicated. 
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polymorphisms, associated with endometriosis 
has so far borne little, if any, fruit. Frequently, 
when such associations have been found, the 
identified polymorphisms appear to be of little 
predictive value and contribute little to our 
understanding of the pathogenesis or patho- 
physiology of the disease. At best, the identified 
polymorphisms frequently provide tantalizing 
association with some genes with known func- 
tions that may or may not be directly involved 
in the pathogenesis of endometriosis. 

In a recent review on the current status of 
GWASs on endometriosis, it is reported that 
the “GWAS SNPs associated with endometri- 
osis to date explain less than 2% of disease risk 
variability” [8]. The most recent meta-analysis 
of 15 GWASs and a replication analysis, 
including 58,115 cases and 733,480 controls, 
found 27 loci, which collectively explained a 
paltry 2.2% of the disease risk variability [13]. 
These findings are in sharp contrast to the esti- 
mate that half of the widely quoted estimated 
50% heritability (meaning, genetic components 
contribute to about 50% of endometriosis risk) 
is due to the common variants that can be cap- 
tured by GWASs [14]. Some previous meta- 
analyses on the association of endometriosis 
and several genetic polymorphisms coding for 
dioxin detoxification enzymes and for sex ste- 
roid biosynthesis and their receptors found no 
evidence of any association [15—17]. 

Remarkably, endometriosis is not the only 
complex disease that has encountered such a 
problem. A 2012 study, for example, found 
that incorporating genetic information did not 
improve clinicians’ ability to predict disease 
risk for many common complex diseases such 
as breast cancer, type II diabetes, and rheuma- 
toid arthritis [18]. More recently, an analysis of 
32 highly relevant traits from five broad dis- 
ease areas involving 13,436 subjects found that 
the variance explained by multi-SNP genetic 
risk scores (GRSs) accounted for a mere 11% of 
the common-SNP heritability of the 32 traits, 
indicating that GRSs may not yet be ready for 


accurate personalized prediction of complex 
disease traits, and, as such, limiting wide- 
spread adoption in clinical practice [19]. 

As with many other complex diseases or 
traits, there has been a glaring gap between the 
estimated heritability of the trait (typically 
higher than 50%) and the trait (or disease risk) 
variability that can be explained by the identi- 
fied SNPs, a phenomenon called “the missing 
heritability” [20]. Take, for example, height, 
which is estimated to have a heritability of 
over 80%, but one GWAS involving 253,288 
individuals identified nearly 700 variants that 
altogether explained merely one-fifth of the 
heritability for adult height, suggesting that the 
genetic architecture for human height is char- 
acterized by a very large but finite number 
(thousands) of causal DNA variants [21]. While 
some investigators claim that the heritability is 
not missing but “hidden” [22], other research- 
ers find that the resultant heritability estimates 
are sensitive to the chosen sample and to mea- 
surement errors in the phenotype [23]. 

Advocates of genetic investigations are not 
deterred by this complexity and think that ever 
larger sample sizes will solve the problem. With 
a minimal sample size of 10,000 cases [24], 
GWASs typically carry a huge price tag. For 
endometriosis, should we keep on investing in 
this endeavor? Or should we be more prudent 
and pause, take stock, reassess what we have, 
and think hard about what could be done better? 

In this chapter, I first provide a primer on 
genetic studies of complex diseases such as 
endometriosis, explaining the methods for dem- 
onstration of genetic components for a disease, 
and methods to identify the genes or genetic 
variants. At the same time, I shall reappraise the 
evidence for a hereditary component to endome- 
triosis, evaluate the evidence for association of 
genetic polymorphisms with endometriosis, and 
discuss the implications of this reappraisal for 
clinical practice and research. Finally I shall pro- 
vide explanations as to why the “missing herita- 
bility” problem also exists in endometriosis. 
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A primer on genetic studies of complex 
diseases and a review of endometriosis 
genetics 


The proof for the existence of a genetic 
component 


In order to identify the genetic variants that 
predispose people to a disease such as endo- 
metriosis, the first step is to demonstrate, with 
reasonable confidence, that the disease has a 
genetic component, otherwise any quest for the 
genetic component is akin to a quixotic 
endeavor. It is common sense that the first clue 
that a trait or disease has a genetic component 
is that it “runs in families.” In more technical 
terms, this is called familial aggregation. 
However, aside from genes, other, nongenetic 
factors (beliefs, values, traditions, diet, and life- 
style, etc.) could also be transmitted vertically 
from parents to offspring just like genetic mate- 
rials, and many risk factors also “run in fami- 
lies.” Remarkably, many diseases are the result 
of both nature (genes) and nurture (environ- 
ment and/or meme). Precisely because of this 
entanglement of nature and nurture, many 
genetic epidemiological methods, as elaborated 
below, have been developed to disentangle 
nature from nurture, but only to a certain 
extent. In practice, several complementary 
methods need to be employed collectively in 
order to show, with certain confidence, that a 
disease is very likely to have a_ genetic 
component. 

For many complex traits or complex dis- 
eases where no single predisposing gene has 
ever been unequivocally identified and few 
risk factors have been consistently reported, 
we often see studies reporting that for disease 
X the heritability (meaning, the proportion of 
the disease risk variability that can 
attributable to genetic components) is 50% or 
even 90%. How did they do that? 

Well, there is no free lunch. In order to do 
the calculation, one has to resort, first, to 


mathematical modeling and make certain 
assumptions. Quite often, the underlying model 
for estimating heritability is the so-called “ACE” 
model, where “A” refers to the additive genetic 
contribution to a person’s phenotype, “C” is the 
contribution from environment common to or 
shared by people reared together, and “E” 
represents environmental contributions unique 
to each person. The phenotype of a person (e.g., 
the liability to have endometriosis) is 
P=A+C+E, and the data consist of values of 
P for people either genetically related or other- 
wise. For example, from parent—offspring and 
sib—sib correlations (and sometimes correlations 
between other relatives), the correlation coeffi- 
cients, representing the “causes” of P, can be 
estimated under this framework. 

In fact, the basis for the entire mathematical 
set-up was developed in the 1930s, 1940s, and 
1950s, framed in the context of Mendelian 
transmission facilitated by Sir Ronald A. 
Fisher’s view of the way discretely inherited 
genes [called polygenes, because of their (infi- 
nitely) large numbers] determine continuously 
quantitative phenotypes [25]. The statistical 
models that are used to estimate and interpret 
genetic contributions to various phenotypes— 
including behavioral, cognitive traits—are con- 
structed within this framework. For diseases 
that are often dichotomous in nature (affected 
or not), they can be modeled through a quan- 
tity called liability that is an unobservable 
abstract construct/ quantity and the 
probability-based disease risk can be modeled. 
Variance analysis constitutes the main tool and 
is used under this framework to characterize 
genetic inheritance, and hence determination 
of phenotypes. 

Based on the ACE model, the variability of a 
trait in a population can be calculated by the 
overall phenotypic variance Ope which is 
assumed to be the sum of variability 
attributable to genetic differences among indi- 
viduals (additive genetic variance oi, if no 
such restriction is imposed, then a2), the 
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difference in shared environment On and dif- 
ferences in the environment surrounding the 
individuals (environmental variance 7), 
0, =04,+02+0%. Note that this equation 
entails two very important assumptions, which 
are (1) there is no epistasis or gene—gene inter- 
action (GXG); and (2) there is no gen- 
e—environment interaction (GXE). In 
controlled experiments, the GXE can be held to 
be nonexistent, but for human populations this 
is an assumption that is often difficult to verify 
at best and frequently violated. In addition, for 
mathematical convenience the total phenotypic 
variance is assumed to be the sum of individ- 
ual variances, even though there is no law that 
dictates that this should be the case. This is 
mainly for the purpose of mathematical tracta- 
bility, otherwise the mathematics would 
become intractably complex and so preclude 
any calculation. 

It should be noted that there is no reason to 
believe that the genetic effect has always to be 
additive and there is no GXG or GKXE. 
Mathematically, the additive form is the most 
convenient method for mathematical calcula- 
tion. In reality, genes and environment can 
interact in a very complex way. Even for sim- 
ple genetic disorders such as_ glucose-6- 
phosphate dehydrogenase deficiency, a diet 
devoid of fava beans could effectively prevent 
the disease. Moreover, their actions, individu- 
ally or interactively, may well be time- or age- 
dependent. However, once any of these enters 
into the equation, the mathematics quickly 
becomes intractable, yielding no theoretical 
insight at all. The vindication and triumph of 
Barker’s hypothesis, that an adverse environ- 
ment in the womb and/or during infancy is 
causally linked to chronic disease risk later in 
life, is a testimony that the effect of genes 
and/or environment can be crucially time- 
dependent. 

Given a phenotypic data set comprising 
individuals with different genetic relatedness 
[parent—offspring, spousal, siblings, _first- 
cousins, etc., which can be characterized by the 


probability of gene identity by descent (IBD) 
[26—28]], and different degrees of shared envi- 
ronment (twins, or nontwins, as long as the 
amount of shared environment can be speci- 
fied before calculation), each of the three vari- 
ance components can be identified and 
estimated. 

The ratio H* = 02,/o% is called the broad- 
sense heritability, and shows the proportion of 
genetic variance in the total phenotypic vari- 
ance. If the assumption that genes act in an 
additive manner, that is, no GXG is invoked, 
then the ratio is called the narrow-sense herita- 
bility, and is often denoted by h? =0%/03. 
Almost all estimates of heritability in endome- 
triosis use h” based on phenotype correlations 
among related individuals, in particular, 
monozygotic (MZ) and dizygotic (DZ) twins. 
The important assumptions underlying this 
model are, again, (1) no GXE, (2) no GXG, and 
(3) all genes act in an additive manner. When 
GXG exists but is ignored, h* often gives 
inflated heritability [29]. When GXE is present, 
the overall phenotypic variance becomes 
oD = on + oz + Coxe + Tees + oe, and, in this 
case, neither narrow- nor broad-sense heritabil- 
ity can be clearly defined. In fact, unless G, C, 
and E can be measured and their interactions 
can be clearly specified, it is mathematically 
challenging to even estimate Tie or Opa: 

Note that 1’ says nothing about the genes 
whose sequence variability causes genetic vari- 
ability of the trait. In addition, heritability has a 
meaning only in relation to populations, and dif- 
ferent populations may have entirely different 
heritability [30]. For example, the estimated 
twin-based heritability on cigarette smoking in 
US adolescents and young adults differs between 
whites and African-Americans [31]. Moreover, it 
may change even within the same population at 
different periods of time. In essence, the herita- 
bility concept is built on the mathematical/statis- 
tical analytics called variance component 
analysis and attempts to attribute the genetic 
contribution to the proportion of variance that 
can be explained by genetic components in a 
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vastly oversimplified model. As such, it has 
received much criticism, especially when applied 
to human population [32]. The most critical argu- 
ment was that it is impossible to separate heredi- 
tary and environmental components in human 
populations, which are, indeed, intricately 
entwined and inseparable. 

It should be noted that almost all human 
diseases or disorders have had been shown to 
have familial aggregation to varying degrees. 
Scurvy, kuru, and the sudden infant death syn- 
drome (SIDS) were once well-documented to 
be familially aggregated and were thus sus- 
pected to have a genetic component, but were 
later discredited. Familial aggregation of dis- 
ease does not necessarily and automatically 
mean the existence of a hereditary component. 
Various risk factors for the disease also tend to 
cluster in families, which can effectively mimic 
genetic transmission and thus familial aggrega- 
tion [33]. Indeed, similar to transmission of 
genes in families, the transmission of memes, 
which are coded in culture, beliefs, and value 
systems and manifested in lifestyle and diet, 
could mimic genetic transmission [34]. In addi- 
tion, since in many clinical studies it is often 
difficult to remove reporting and ascertain- 
ment biases, these biases often can inflate mea- 
sures of familial aggregation even in the 
complete absence of a hereditary and environ- 
ment/cultural component [35]. 

Furthermore, there may be traits that are 
intermediatory to the development of endome- 
triosis. For example, younger age at menarche 
has been identified as a risk factor for endome- 
triosis [36]. However, ages at menarche in sis- 
ters have been shown to be highly correlated 
[37]. Body mass index (BMI), length of men- 
strual cycles, and the amount of menses may 
be risk factors for endometriosis but may also 
be familially correlated [38]. If there are genetic 
determinants for some intermediatory factors, 
such as age at menarche, that are associated 
with endometriosis, it is possible that endome- 
triosis may also run in families. 


Familial aggregation 


In genetic epidemiology, the demonstration 
of familial aggregation for a disease is often 
taken as the first piece of evidence that the dis- 
ease has a genetic component. Essentially, by 
showing an enriched clustering of the disease 
within a given family, familial aggregation is 
established. 

In practice, the concordance between par- 
ent—offspring pairs, sibling pairs, and _first- 
cousin pairs is often estimated to see whether 
there is familial aggregation. Depending on the 
genetic relatedness, as determined by probabil- 
ity of gene IBD, the recurrence rate of a relative 
given that the other relative is affected would 
increase as the genetic relationship of the pair 
becomes genetically closer and/or would be 
much higher than the prevalence of the disease 
in the general population. For example, the sib- 
ling recurrence rate (SRR) is frequently used in 
genetic epidemiology to demonstrate familial 
aggregation of a given disease. 

Conceptually simple as it may be, however, 
the actual estimation of SRR in a human popu- 
lation is susceptible to biases of various kinds. 
For example, a large sibship would be more 
likely to be ascertained by the investigator and 
would contain, on average, more affected sibs. 
It is well documented that SRR is sensitive to 
ascertainment bias and/or overreporting [35,39]. 
Inappropriate choice of controls may also result 
in an inflated SRR estimate [40]. 

It is common sense that familial aggregation 
may arise simply because of genetic similarity 
shared by family members, but also could be 
attributable to environmental similarities 
among relatives and to possible transgenera- 
tional epigenetic factors [41]. Many risk factors, 
such as diet and lifestyles, can also run in fami- 
lies. When there are multiple environmental 
risk factors, each carrying a low disease risk, 
then the disease can show conspicuous familial 
aggregation even though it has no genetic 
component at all [33]. 
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Twin studies 


Twin studies are conducted on MZ (identical) 
and DZ (fraternal) twins. They aim to reveal 
the importance of environmental and genetic 
influences for traits, phenotypes, and disor- 
ders—if done with care and caution. The major 
premises of twin studies are: (1) MZ twins share 
100% of their genes, while DZ twins share only 
about 50% (on average) of their genes, and (2) 
MZ and DZ twins share 100% of their environ- 
ment. Hence, any difference in disease status 
between MZ and DZ twins would be likely to 
be attributable to the difference in shared genes. 

While twin studies have been used exten- 
sively in human behavioral studies to estimate 
the contributions of genetic factors to pheno- 
typic variability, the methodology that allows 
the estimation entails several crucial assump- 
tions. The most critical is that MZ and DZ 
twins are equally similar environmentally 
[42,43]. Although MZ twins are genetically 
more similar than DZ twins, they are often 
environmentally more similar. It has been 
shown that, even in the complete absence of 
any genetic factor and of any biases, the greater 
environmental similarity alone in MZ twins 
can result in a higher concordance rate in MZ 
twins than in DZ twins [44]. This is especially 
true when there are multiple environmental 
factors, which may have multiple exposure 
levels and/or interact strongly, although each 
of them may be of low risk [44]. 

In two twin studies that reported the herita- 
bility for endometriosis as being in the range of 
47%—51% [45,46], which have been widely 
cited [8,47], both assumed that MZ and DZ 
twins are equally similar environmentally. In 
addition, additive genetic action was also 
assumed [45,46]. 

This review is not to discredit the published 
twin studies in endometriosis. Rather, by enu- 
merating explicitly all assumptions and limita- 
tions of the statistical methodology, we can 
better understand what the heritability truly 


means and what its limitations are. All in all, 
we cannot rely uncritically on twin studies 
without checking the validity of the assump- 
tions underlying the methodology. 


Adoption studies 


Adoption studies are used to estimate the 
degree to which variation in a trait is due to 
environmental and genetic influences. The 
comparison of phenotypic similarity between 
the adoptees and their biological and adoptive 
parents, or between the adoptees and _ their 
nonbiological siblings, can be a powerful tool 
to demonstrate how strong the shared genetic 
or environmental effects are. For example, the 
comparison between the concordance esti- 
mated from data on MZ twins reared apart 
because of adoption and that from data on MZ 
twins reared together could help to tease out 
how much contribution to the phenotypic vari- 
ability is attributed to the shared environment 
effect. In endometriosis, unfortunately no 
adoption study has ever been reported as of 
the time of writing. 


Segregation analysis 


Segregation analysis is a statistical technique 
to determine whether there is evidence that a 
major gene underlies the distribution of a 
given trait or disease. In this analysis, only 
phenotypic information on pedigree members 
is needed. Given the allelic frequency, the pen- 
etrance, or the probability of being affected (or 
distribution for quantitative traits) given the 
genotype P(D|Genotype), the analysis—based 
on the Mendelian law of segregation—provides 
initial evidence, but not a definitive proof, that 
a single gene has a major effect on a particular 
phenotypic trait or disease. In some cases, 
the penetrance or the mode of inheritance— 
completely or partially recessive, dominant, 
or otherwise—can be estimated using the 
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pedigree data. In other cases, segregation analysis 
can be combined with linkage analysis [48]. 

In endometriosis, the study that is closest to 
segregation analysis is that using kinship coeffi- 
cients and a minimal founder test based on 
genealogical data [49]. While this study demon- 
strates familial aggregation of endometriosis, 
no effort was made to tease out genetic and 
nongenetic transmission through pedigrees or 
geneology . 


Identification of genes and/or genetic 
variants: recombination, linkage 
disequilibrium, and association 


The foundation for the identification of genes 
at chromosomal locations from phenotypic data 
was laid after the discovery of the phenomenon 
of genetic linkage in lowly fruit flies in the 
1910s by Alfred Sturtevant, then a graduate stu- 
dent of Thomas Morgan, a prominent American 
geneticist who won the Nobel Prize in 
Physiology or Medicine in 1933. During meiosis 
in sexually reproduced organisms (humans 
included), the genome of each gamete is the 
result of genetic recombination, a programmed 
process in which the homologous chromosomes 
are paired, and DNA strands are cut into seg- 
ments somewhat randomly and then repaired 
and rejoined to form new chromosomes. This 
process allows for the exchange of genetic mate- 
rial (and thus information) from paternal and 
maternal chromosomes, resulting in a more 
diverse genetic makeup on the genome. 

On average, two genes (called loci) are less 
likely to break apart if they are physically 
closer during one round of recombination, 
hence the haplotype containing a specific com- 
bination of alleles at both loci is likely to be 
transmitted from generation to generation 
intact if the two loci are in close proximity. 
However, if the loci are physically distant, they 
are likely to break apart in just one recombina- 
tion. If specific haplotypes are persistently 


present in a population, the two (or more) loci 
are said to be in linkage disequilibrium when 
the frequency of association of the different 
alleles at different loci is higher or lower than 
would be expected if the loci were independent 
and associated randomly. 

This discovery of genetic linkage was later 
found to hold universally true in all organisms, 
including humans, and became a cornerstone 
and principle in genetics. Basically, if a trait is 
determined by a gene, then the gene will tend 
to go hand in hand with its neighboring sign- 
posts when transmitted from parents to off- 
spring—thus the term “linkage.” In genetics, 
these signposts are called DNA markers, which 
are DNA variants with known chromosomal 
locations, number of alleles, and allele frequen- 
cies in a given population. If many relatives in 
a pedigree having the same trait all carry the 
same signpost, then there is a good chance that 
the gene responsible for the trait is near to the 
signpost. In the human genome, the distance 
between two loci is measured in centimorgan 
(cM), and 1cM means that the alleles on the 
two loci break apart on average once per 100 
meiotic events. 

In model organisms such as fruit flies, the 
identification of genes can be facilitated by var- 
ious cross-breeding schemes and large sam- 
ples. In addition, a genetic map, which has a 
sufficient number of DNA markers, would be 
needed. In humans, unfortunately, different 
cross-breedings cannot be made for obvious 
reasons. Therefore the mapping of disease 
genes in humans did not take off until the 
advent and spread of personal computers in 
the 1980s as many difficulties in calculation of 
gene segregation and linkage can be offset by 
statistical computations. In addition, the 
increased computational power coincided, for- 
tuitously and fortunately, with the discovery of 
various classes of DNA markers, such as 
restriction fragment length polymorphisms 
[50] in the 1980s, variable number of tandem 
repeats, microsatellites, and short tandem 
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repeats [51] in the 1990s, with increasing het- 
erozygosity and thus  informativeness. 
However, while these markers are very infor- 
mative, their typing can be labor intensive and, 
as such, SNPs become more popular due to 
their abundance and ease of genotyping. The 
reduced informativeness of a single SNP can be 
offset by the use of several closely linked SNPs. 


Linkage analysis 


Linkage analysis is a statistical genetic 
method that aims to identify chromosomal 
regions that cosegregate with a disease of inter- 
est through pedigrees [52]. In this approach, 
one does not need to know anything about the 
molecular genetic mechanisms underlying the 
disease itself. Through the collection of pedi- 
grees enriched with patients with the disease, 
one could use an existing genetic map and 
localize the responsible gene in a particular 
region. However, while this method is very 
successful in localizing genes responsible for 
rare genetic disorders such as cystic fibrosis 
and Huntington’s disease in which (1) there is 
strong evidence for a major gene (unequivocal 
Mendelian inheritance), and (2) the mode of 
inheritance is well-elaborated, it was much less 
successful for more common diseases such as 
diabetes and cardiovascular diseases, in which 
multiple genes are apparently involved and 
the mode of inheritance is often obscure. 

As endometriosis is quite common with no 
apparent mode of inheritance, the only pub- 
lished linkage analysis of endometriosis 
attempted to replicate the linkage between 
endometriosis and galactose-1-phosphate uri- 
dyl transferase (GALT) gene and ended with a 
negative result [53]. 


Affected sib-pair analysis 


Most complex diseases—endometriosis 
included—have a substantial impact on the 


public health. Given the failure in linkage 
analysis of complex diseases, nonparametric 
methods such as the affected sib-pair method 
that require no information on the mode of 
inheritance methods became useful [54]. These 
methods, computationally simple and easy to 
apply, use smaller subsets of family members, 
usually relative pairs, so that sampling family 
members generally is easier than when 
extended pedigrees are sought, but often would 
demand a large number of sib pairs. In endome- 
triosis, however, although the possibility of 
using the method has been mentioned [55], no 
such study has ever been published. 


Association and genome-wide association 
studies 


Given the failure in mapping complex dis- 
eases, scientists found during the mid-1990s 
that for common diseases, another approach, 
called “association studies,” can be more pow- 
erful in gene hunting—at least on paper. 
Association studies identify disease genes by 
finding the significant gene frequency differen- 
tials between a group of unrelated healthy 
individuals and another group of unrelated 
people with the disease of interest. Association 
studies are thought to be more powerful than 
affected sib-pair methods for disease gene 
localization when linkage disequilibrium is 
present [12,56]—based on the understanding of 
the genetics of complex diseases at that time. 

With the increasing ease of genotyping and 
the density of the SNP map, and decreasing 
cost in genotyping SNPs, GWASs become 
increasingly popular. GWASs essentially per- 
form a genome-wide scanning of numerous 
SNPs or DNA variants across the entire 
genome, hoping to find the SNP or variant that 
is associated with the disease or trait. 

However, misclassification of cases and/or 
controls, insufficient sample size, population 
stratification, and multiple testing can be 
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problematic for GWASs [57], although some of 
these factors can be properly controlled if done 
with care. But GWAS has been plagued with 
nonreplication, inconsistency [58,59], and 
inflated initial estimates of the association [60]. 
And precisely because of its association nature, 
the identified polymorphism may or may not 
be the one that is directly responsible for the 
disease. It is possible that it may be the inter- 
mediate factor, such as age at menarche [61], 
that leads to the increased risk of the disease, a 
concern initially raised by Di and Guo [62] but 
later dismissed by Montgomery et al. [63]. 
Interestingly, however, the most recent GWAS 
identified SNP rs74485684, which is in close 
linkage with follicle-stimulating hormone B 
(FSHB) on chromosome 11 [13]. FSHB has been 
reported to affect circulating levels of follicle- 
stimulating hormone and be associated with a 
shorter menstrual cycle [64,65]. A shorter men- 
strual cycle has been documented to be a risk 
factor for endometriosis [66]. 


Layers of complexity 


Multifactorial? Polygenic? Omnigenic? 


Endometriosis is widely viewed as a multi- 
factorial disease. It is also viewed frequently as 
a polygenic disease. From published GWASs, 
the presence of multiple loci that are associated 
with endometriosis seems to be certain 
[13,47,67—70]. In particular, many of the identi- 
fied polymorphisms are in the intronic, non- 
coding regions of the genome [13,44], which is 
in sharp contrast to Mendelian diseases [71], 
but nonetheless consistent with the notion that 
complex diseases are driven mainly by non- 
coding DNA variants that presumably signal 
the involvement of gene regulation [72—74]. 
According to the latest study, the 27 identified 
loci are located on chromosomes 1, 2, 4—12, 14, 
15, and 17 [13], spreading across almost the 
entire genome but not near any genes that are 
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known to be endometriosis-specific, a feature 
shared by other complex traits [74]. The odds 
ratio for the identified 27 loci ranged from 1.05 
to 1.18 [13], suggesting that each variant contri- 
butes a minute portion to the heritability— 
another conspicious feature of complex traits 
[74]. Given these features, the “omnigenic 
model of complex traits” stipulates that the 
trait/disease can be directly affected by a mod- 
est number of genes or gene pathways—called 
“core genes”—involved in either disease etiol- 
ogy or gene regulation [74]. However, all genes 
are interconnected, perhaps at different layers, 
by cell regulatory networks. The core genes 
may contribute just a small portion to the over- 
all heritability, and most genes expressed in 
relevant cell types could contribute a small, but 
nonzero, portion to the heritability [74]. If we 
accept this model as the likely state for endo- 
metriosis, then any gene expressed in any 
disease-relevant tissues or cells would have a 
small, but nonzero, effect on regulation of the 
core genes, contributing, perhaps minutely, to 
disease risk [74]. In and of itself, the identifica- 
tion of the cell regulatory networks, however, 
would be a daunting task. If this omnigenic 
model holds for endometriosis, then making 
disease predictions would be very challenging. 


Genetic architecture 


The omnigenic model is just one proposal 
for complex traits. However, for genetic study 
of endometriosis, a real question that has been 
left unaddressed is what the genetic architec- 
ture underlying endometriosis is. For one 
thing, tissue-specific genetic modulation plays 
a critical role in many complex diseases such 
as endometriosis. And from our understanding 
of the pathophysiology of endometriotic 
lesions, we now know that many cell types, 
such as platelets [75,76], neutrophils [77], 
macrophages [78—80], natural killer cells 
[81,82], other immune cells [83,84], and even 
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sensory nerve fibers [85,86] are involved in the 
development of endometriosis. It is very likely 
that the pathogenesis of endometriosis may 
also involve multiple cell types. So why should 
a DNA variant in general predispose women 
to endometriosis? 

Remarkably, several groups have demon- 
strated that disease-associated SNPs _ are 
enriched in active chromatin and particularly 
in chromatin that is active in cell types that are 
relevant to the disease of interest [87—90], sug- 
gesting DNA variants that impact on tissues 
relevant to the disease are more likely to be the 
culprit. In addition, signals are clustered 
around genes that are expressed in relevant 
cell types [21,91]. All these findings seem to 
suggest that SNPs in chromatin that is broadly 
active across most cell types can make substan- 
tial contributions to heritability [74]. 

Compared to these intuitive findings, it is 
unclear whether the endometriosis-associated 
SNPs identified so far are in active chromatin 
or in chromatin that is active in cell types rele- 
vant to endometriosis, such as endometrial 
stromal/epithelial cells and immune cells. 
Such information may be useful, but unfortu- 
nately remains lacking as of now. 


Epigenetic transmission 


Epigenetics is the meiotically and mitotically 
heritable potential for gene expression without 
changes in DNA sequence or content [92]. 
Epigenetic processes are known to be involved 
in development, health, disease (including 
endometriosis), and aging, and are responsible 
for phenomena such as X-chromosome inacti- 
vation and genomic imprinting. The mechan- 
isms involved in epigenetic regulation include 
DNA _ methylation, chromatin remodeling, 
posttranslational histone modification, and 
RNA-associated gene silencing by noncoding 
RNAs [41]. In contrast to the life-long stability 
of genetic sequences (barring acquired 
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mutations and DNA damage), the epigenome 
is more malleable [93,94]. In particular, it can 
be modified in response to environmental 
exposures and lifestyle, such as diet, smoking, 
and stress [95—97]. 

Epigenetic changes can lead to subtle altera- 
tions in gene expression patterns or to cumula- 
tive detrimental effects in a cell, subverting the 
normal function of a gene and, in turn, increas- 
ing the host’s susceptibility to a certain disease. 
While epigenetic plasticity allows for adapta- 
tion to environmental and lifestyle conditions, 
the resultant epigenetic changes or aberrations 
could also predispose the host to the disease of 
interest, and possibly transmit the acquired 
epigenetic codes to her offspring, which could 
affect the offspring’s gene expression patterns 
and disease susceptibility. 

The epigenome appears to be particularly 
vulnerable to environmental factors during 
embryogenesis, which becomes evident from 
numerous studies that have reported serious 
consequences in later life caused by intrauter- 
ine stressors. In animal studies, prenatal stress 
and prenatal exposure to glucocorticoids (GC) 
have been shown to have long-term effects on 
the expression of numerous genes associated 
with hypothalamus—pituitary axis function 
and neurologic function [97]. There is growing 
evidence that the long-term effects of prenatal 
stress and GC exposure on these genes are 
mediated through epigenetic mechanisms 
[98,99]. 

The first piece of evidence showing postna- 
tal epigenetic programming by postnatal social 
environments was provided by Weaver et al., 
who demonstrated that differences in maternal 
care in rodents after birth determine differ- 
ences in their offspring behavior in adulthood 
by epigenetic programming, and, more impor- 
tantly, programming by maternal care could be 
reversed in adulthood by cross-fostering as 
well as epigenetic therapeutics [100]. These 
studies provide evidence that the epigenome is 
highly plastic and can be reprogrammed in 
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response to changes in external environment, 
and can define a consistent phenotype without 
any changes in the DNA sequence [101]. That 
is, in addition to the cell type identity, epige- 
netic processes also provide experiential iden- 
tity onto the genome [101]. 

Indeed, in the last two decades, there has 
been accumulating evidence for nongenetic 
multigenerational transmission of phenotypic 
responses to ancestral experiences [102]. 
A shortage in the food supply during the early 
life of paternal grandparents has been reported 
to be associated with high mortality rate (and 
diabetic deaths) in their grandsons [103,104]. 
Strikingly, this transmission appears to be 
sex-specific, such that the food supply of the 
paternal grandfather was associated with the 
mortality rate of grandsons only, while the 
early life food supply of the paternal grand- 
mother was only associated with the mortality 
rate of granddaughters [103—105]. 

Children born to mothers who were exposed 
to the 1944—45 Dutch famine during the last 
trimester of pregnancy or those who were 
exposed to the famine in the first few months 
of life during that time were found to be less 
obese than controls, whereas exposure in the 
first half of pregnancy had higher obesity rates 
than in controls [106]. Further investigation 
revealed that exposure to famine early in preg- 
nancy is associated with hypermethylation of 
the imprinted gene insulin-like growth factor 2 
receptor 60 years later, suggesting that epige- 
netic changes might be involved [107]. 
Examination of the adult offspring (F2 genera- 
tion) of prenatally exposed F1 fathers, but not 
mothers, had higher BMI than in offspring of 
unexposed F1 [108]. 

The intergenerational transmission also is 
reported in women prenatally exposed to 
diethylstilbestrol (DES), a synthetic nonsteroi- 
dal estrogen and a_ known endocrine- 
disrupting chemical (EDC). Women born to 
mothers prenatally exposed to DES are found 
to have increased risk of menstrual aberrations 
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and preterm birth [109]. Incidentally or not, 
prenatal DES exposure has been reported to 
increase the risk of endometriosis [110]. 
Interestingly, exposure to EDCs such as genis- 
tein represses enhancer of zeste 2 (EZH2) and 
reduces levels of the histone 3 lysine 27 tri- 
methylation (H3K27me3) repressive mark 
through the nongenomic estrogen receptor/ 
phosphatidylinositide 3-kinases /protein kinase 
B signaling in the developing uterus [111], 
resulting in increased estrogen signaling [112]. 

Thus intrauterine exposure to environmen- 
tal stressors may change the epigenetic pat- 
terns after fertilization. However, whether such 
a change can be transmitted across generations 
is less clear [41]. 

However, if endometriosis is caused, in part, 
by epigenetic aberrations, then conventional 
DNA sequence-based studies such as GWAS 
would be difficult, if not impossible, to detect 
such aberrations. Encouragingly, the epigen- 
ome appears to be on the radar screen in endo- 
metriosis [113]. 

Since the first publication reporting that 
endometriosis is an epigenetic disease in 2005 
[114], the number of publications on epige- 
netics and endometriosis has grown exponen- 
tially, similar to the number of papers on 
epigenetic studies (Fig. 6.2). This seems to be in 
sharp contrast to genetic association studies, of 
which the number of publications has tapered 
off since 2015 (Fig. 6.1). 


Heterogeneity and misclassification 


Despite a somewhat deceptively simple and 
straightforward definition, endometriosis is by 
no means a homogeneous disease. Rather, there 
are wide variations in location, size, color, depth 
of invasion, presence or absence of adhesion, 
the proportion of epithelial/stromal cells, and 
even the presence or absence of these cell types, 
as in the well-documented phenomenon of 
“stromal endometriosis” (i.e., lesions without 
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Number of publications on “epigenetic” and “epigenetic and endometriosis” by year 
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FIGURE 6.2 Number of publications, indexed by PubMed, on “epigenetic” in general and on “epigenetic and endome- 
triosis” from 1980 to 2018. The dark blue and maroon curves represent “epigenetic” in general and “epigenetic and endome- 
triosis,” respectively. The y-axis on the left is for “epigenetic,” while the y-axis on the right is for “epigenetic and 


endometriosis” papers. 


glands) [115,116]. On top of these variations, 
there is also enormous variation in the symp- 
tomatology and severity among patients. Dense 
fibrotic tissues are often present in and/or sur- 
rounding the lesions [115,117—124], especially 
in deep endometriosis [117,119,121,122]. The 
fibrosis may result in subsequent adhesion, ana- 
tomic distortion, and pelvic pain [119]. 

There are three major subtypes of endome- 
triosis: ovarian endometriomas, peritoneal 
endometriosis, and deep endometriosis [119]. 
These subtypes of endometriosis differ in prev- 
alence, symptomatology, and severity, and 
have been thought to have different pathogen- 
eses [119]. In GWASs, however, these different 
subtypes are often undistinguished, and may 
result in a reduced signal-to-noise ratio if 
indeed they have different pathogeneses. 

In addition, occult or microscopic endome- 
triotic lesions seem to be rather common, 
although their clinical significance is unclear 


[125]. Moreover, there is enormous variation in 
age at onset [126], which can be further compli- 
cated by the diagnostic delay [127,128]. Coupled 
with the lack of a noninvasive diagnostic proce- 
dure for endometriosis, these complications 
increase the possibility of misclassification, 
labeling women with endometriosis (but undi- 
agnosed yet) as healthy and vice versa. Again, 
the misclassification would dilute signals while 
increasing noise, making the identification of 
DNA variants more difficult. 


Conclusion 


So far, many GASs and GWASs to identify 
DNA variants that might be associated with 
endometriosis have been published and many 
polymorphisms have been _ identified. 
However, each and every one of the identified 
polymorphisms invariably has a small, even 
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minute, effect, explaining merely a minuscule 
percentage of the heritability. More disconcert- 
ingly, these publications have so far contrib- 
uted little to our understanding of the 
pathogenesis or pathophysiology of endometri- 
osis. Granted, the identified polymorphisms 
are invariably linked with some nearby genes 
with known functions and much speculation 
can be made as to what these genes may do to 
confer the risk of endometriosis. But this can 
be a fertile ground for “attribution error.” 

As with other complex traits, this “missing 
heritability” could be attributable to the 
inflated heritability estimates in the first place, 
to various complications specific to endometri- 
osis such as disease heterogeneity, variable age 
at onset, and misclassification, to the possibility 
that nongenetic, environmental, and/or epige- 
netic, factors that may also familially aggre- 
gate, and to the possibility that there may be 
many small-effect genes, each contributing a 
minuscule but nonzero portion to the heritabil- 
ity. While further increasing the sample sizes 
may help to identify more DNA variants asso- 
ciated with endometriosis, success is by no 
means certain or assured. 

Fundamentally, no one knows exactly what 
the genetic underpinning of complex diseases 
is [20]. At the gene transcriptional level, of 
course, all diseases are ultimately determined 
by gene expression patterns and are thus 
genetic in nature. However, the modulation of 
gene expression is influenced by genetic varia- 
tion, environmental exposures, epigenetic reg- 
ulation, and simply stochastic fluctuations. 

Complex diseases such as endometriosis 
arise over time and are the end result of 
genetic makeup, lifestyle choices, and a combi- 
nation of environmental exposures during criti- 
cal periods of development and epigenetic 
plasticity. Environmental and lifestyle factors 
have the potential to change the epigenome, 
effectively shutting genes down or turning 
genes on without any alteration in DNA 
sequence. This could ultimately impact on 
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disease susceptibility. In addition, what we see 
as familially aggregated is the end result of the 
totality including DNA variants, environment, 
lifestyle, and non-DNA machinery (egg cell, 
and epigenetic factors) [129]. 

While GWASs could still identify more 
DNA variants that are associated with endo- 
metriosis in the future with increasing sample 
sizes, there is a real question as to what the 
potential benefits versus costs would be. 
Would the identification of, say, 50 DNA var- 
iants help to better understand the pathogene- 
sis of endometriosis? Probably not, at least not 
immediately, since each variant or gene needs 
to be carefully characterized and its functions 
delineated, in conjunction with other variants. 
In addition, the differences in disease risk can- 
not reveal the totality of functions that a gene 
may be involved in, since they cannot reveal 
all the effects that are common to the different 
alleles [129]. Many believe that all functions 
and malfunctions of humans at all levels are 
system properties emerging from the network 
and interaction of different components [129]. 

Faced with such complexities and challenges, 
the GAS/GWAS advocators promise to provide 
new insights into pathogenesis, classification, 
and comorbidity, if with ever increasing larger 
sample sizes with detailed phenotypic and clini- 
cal information [130]. Will they ever deliver? 
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Introduction 


Polycystic ovarian syndrome (PCOS) is the 
most common endocrine disorder in women, 
and is characterized by ovulatory dysfunction, 
hyperandrogenism, and polycystic ovarian mor- 
phology (PCOM) [1]. The diagnosis is made 
according to the so-called 2003 Rotterdam con- 
sensus criteria. Oligomenorrhea is defined as a 
menstrual cycle interval being less than 21 days 
or more than 35 days. Amenorrhea is defined as 
absent menstrual cycles or a cycle interval 
exceeding 199 days. Biochemical hyperandro- 
genism is defined as either free testosterone, free 
androgen index [FAI: total testosterone x 100/ 
serum sex hormone binding globulin (SHBG) 
levels] or calculated bioavailable testosterone. 
Laboratory reference ranges should be used to 
interpreter the androgen levels. Clinical 
hyperandrogenism is defined as modified a 
Ferriman—Gallwey score of seven or higher. 
PCOM is defined as having more than 12 folli- 
cles per ovary, or an ovarian volume exceeding 
10 mL [2—5]. Due to the fact that only two out of 
three criteria are needed to be diagnosed as hav- 
ing PCOS there are basically four different phe- 
notypes. The recently published international 


Human Reproductive Genetics 
DOI: https://doi-org/10.1016/B978-0-12-816561-4.00007-7 


PCOS guidelines endorse the 2003 Rotterdam 
criteria in adults. The first phenotype is the full- 
blown clinical picture suffering from ovulatory 
dysfunction, hyperandrogenism, either clinical, 
biochemical, or both, and having PCOM. The 
second phenotype is the one with ovulatory dys- 
function and either clinical or biochemical 
hyperandrogenism. Hyperandrogenism can also 
be accompanied by PCOM, constituting the 
third possible phenotype, whereas ovulatory 
dysfunction together with PCOM constitutes the 
fourth subphenotype of PCOS. Hence PCOS is a 
very heterogeneous syndrome made up of four 
different phenotypes [2—5]. 

The prevalence varies between 5% and 20%, 
depending on which population is assessed. 
The incidence is generally lower in unselected 
population-based samples compared to 
hospital-referred patients [6]. The PCOS phe- 
notype might change with increasing age or 
changes in body mass. In general, menstrual 
cycle length decreases with increasing age in 
women with PCOS. Similarly, androgen levels 
decrease with increasing age. Although PCOM 
seems to be a relatively constant phenomenon 
over the years, women might experience an 
amelioration of the symptoms and ovarian 
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dysfunction as indicated by an increase in 
the number of regular menstrual cycles, and 
a decrease in serum androgen levels may 
occur [7]. 

The syndrome is also associated with 
other distressing phenomena such as depres- 
sion, negative self-esteem, and metabolic 
dysfunction characterized by insulin resis- 
tance and compensatory hyperinsulinemia. 
PCOS increases the risk for type II diabetes mel- 
litus, gestational diabetes, and other pregnancy- 
related complications. Women with PCOS also 
more often have hypertension, hence they are 
at risk for cerebrovascular and cardiovascular 
events although data on the latter are scarce. 
Finally, if left untreated, due to unopposed 
estrogen exposure, women with PCOS are at 
increased risk of developing endometrial 
cancer [1]. 


Heritability 


PCOS appears to run in families. The first 
papers describing this familial aggregation of 
hyperandrogenism in PCOS kindreds was 
from the group of Legro and coworkers. They 
found that although 50% of all sisters were 
affected, only 25% had a similar phenotype 
compared to the proband, whereas the remain- 
ing 25% suffered from hyperandrogenemia per 
se [8]. In subsequent studies it was shown that 
brothers of women with PCOS have dyslipide- 
mia as well as evidence of insulin resistance, 
similar to that of their proband sisters with 
PCOS. These findings are consistent with the 
hypothesis that some metabolic abnormalities 
in PCOS are heritable and not sex specific [9]. 
More recently evidence has emerged indicating 
clustering of metabolic syndrome, hyperten- 
sion, and dyslipidemia in mothers, fathers, sis- 
ters, and brothers of women with PCOS [10]. 

Twin studies revealed similar results, indi- 
cating a familial component in PCOS due to 
genetic factors. Data from a large Dutch cohort 
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of monozygotic (MZ) twins were compared 
with a similarly large cohort of dizygotic (DZ) 
twins. PCOS was defined as less than nine 
menstrual cycles and acne or hirsutism, in 
agreement with the 2003 Rotterdam consensus. 
The results point to a strong contribution of 
familial factors to PCOS. The resemblance in 
MZ twin sisters for PCOS was about twice as 
large as in DZ twin pairs, indicating a high 
degree of heritability. Univariate analyses indi- 
cated a strong contribution of genetic factors to 
the variance in PCOS. Moreover, a subsequent 
trivariate genetic analysis of oligomenorrhea, 
acne, and hirsutism confirmed that the familial 
component in PCOS is due to genetic factors 
[11]. In a more recent study this Dutch group 
showed that the prevalence of PCOS was not 
different in women from opposite-sex and 
same-sex twin pairs, singleton sisters, or 
spouses. This indicates that possible androgen 
exposure of the female fetus, caused by a 
shared intrauterine environment with a male 
fetus, does not result in PCOS-like traits [12]. 


Candidate gene studies 


Candidate gene association studies are the 
most commonly used approach among current 
genetic studies for human diseases. Candidate 
gene studies rely on the hypothesis that the 
gene of interest is involved in the pathogenesis 
of the disease or trait under study. In PCOS, 
candidate genes have been studies that were 
involved in the biosynthesis and trafficking of 
androgens, genes related to metabolic aspects 
of PCOS, and genes correlated with inflamma- 
tory cytokines. Currently more than 200 stud- 
ies have been reported on single-nucleotide 
polymorphisms (SNPs) in genes involved in 
these pathways. Numerous studies have 
reported on other SNPs in genes that are asso- 
ciated with either the risk of having PCOS or 
one of its characteristic features. However, the 
majority of these studies are small and lack 
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proper replication studies and should therefore 
be interpreted with caution [1]. 

One of the first identified risk factors for 
PCOS was a so-called dinucleotide marker of 
the fibrillin gene, that is, D195884. A recent 
association analysis in Chinese women showed 
that PCOS women were significantly different 
from controls in the distribution of D19S884 
allele frequencies. Moreover, instead of the 
well-known allele 8, the most common allele in 
the Chinese population was proved to be allele 
7, whose allele frequencies were statistically 
different between cases and controls. A subse- 
quent metaanalysis of both alleles 7 and 8 only 
identified the latter as a significant allelic asso- 
ciation at the D19S884 marker in all combined 
samples. Hence a potential association of the 
D19S884 marker in the fibrillin gene with 
PCOS in Chinese Han women was found. This 
metaanalysis identified that allele 8 may 
increase a woman’s susceptibility to PCOS [13]. 

Genes involved in androgen metabolism 
have been studied extensively. For instance, 
CYP17A1 encodes the enzyme P450c17a (17- 
a-hydroxylase and 17-lyase), which is a rate- 
limiting enzyme that transforms progesterone 
into testosterone, has been studied in detail. 
Two SNPs in the promotor region of the genes 
encoding for CYP17A1 and CYP11A1 were 
associated with serum androgen levels in a 
subset of Indian women [14]. However, a 
recent metaanalysis failed to verify this 
relationship [15]. 

The androgen receptor (AR) has also been 
studied in relation to PCOS susceptibility and 
the associated hyperandrogenism. Again sev- 
eral studies revealed discordant findings and 
hence the role of the trinucleotide CAG repeats 
and their role in PCOS remains controversial. 
However, a recent metaanalysis including 1536 
PCOS patients and 1807 controls revealed that 
the lengths of CAG repeats contributed to 
hyperandrogenism in PCOS [16]. 

Another candidate gene that has been 
repeatedly studied is the fat mass and obesity 
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associated (FTO) gene. In a recent metaanalysis 
including 12 studies only a single-nucleotide 
polymorphism (1s9939609) in the FTO gene sig- 
nificantly increased the risk of PCOS in 
women. However, two other SNPs (rs8050136 
and rs1421085) were associated with PCOS 
only in a recessive model [17]. 

Taking the increased risk for type II diabetes 
and the insulin resistance frequently encoun- 
tered in women with PCOS into account the 
insulin receptor (INSR) gene also has been 
studied frequently. In a recent metaanalysis a 
total of 20 case—control studies, including 
23,845 controls and 17,460 PCOS cases, were 
analyzed. Ninety-eight SNPs distributed in 23 
exons and the flanking regions of INSR were 
investigated, among which 17 SNPs were 
found to be associated with PCOS. Only 
three SNPs detected in more than three studies 
were selected for further analyses. Twelve 
studies, including 1158 controls and 1264 
PCOS cases, entered the analysis of rs1799817, 
but no significant association was found for 
every genotype (P>.05). Further subgroup 
stratification by ethnicity and weight did not 
lead to the discovery of a significant correla- 
tion. For another SNP, rs2059806, four studies 
including 442 controls and 524 PCOS cases 
qualified for metaanalysis, and no significant 
association with PCOS was found for any 
genotype. Four studies including 12,830 con- 
trols and 11,683 PCOS cases investigated the 
correlation between rs2059807 and PCOS, and 
five of the six cohorts indicated a significant 
impact. The current metaanalysis suggests no 
significant correlation between both SNPs 
rs1799817/rs2059806 and the susceptibility for 
PCOS. In contrast, the rs2059807 SNP could be 
a promising candidate SNP that might be 
involved in susceptibility to PCOS [18]. 

Insulin receptor substrates (IRSs) are func- 
tionally plausible candidates for PCOS sus- 
ceptibility. A number of studies on 
polymorphisms of IRSs have been conducted, 
but the results are controversial. Among those 
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studies IRS1 is the most commonly studied 
IRS. Although significantly associated with 
PCOS in Japanese and Greek populations, a 
recent metaanalysis of 11 studies did not reveal 
a significant association between IRS 1 SNPs 
and the risk of developing PCOS [19]. 

The minisatellite variable number of tandem 
repeats (VNTR) locus on chromosome 11p15.5 
in the promoter of the INS gene is nearly 600 
base pairs (bp) upstream of the translation ini- 
tiation site. The polymorphism arises from a 
tandem repetition of 14—15 bp. The variation 
in VNTR was shown to influence the transcrip- 
tional activity of the gene in vitro and regulates 
INS transcription levels. A recent metaanalysis 
revealed no significant association between 
INS VNTR polymorphisms and the risk of 
PCOS in the overall population. However, vari- 
ance in the INS VNTR was shown to be associ- 
ated with susceptibility to the anovulatory 
PCOS subphenotype [20]. 

There are several follicle-stimulating hor- 
mone (FSH) receptor polymorphisms located 
in the follicle-stimulating hormone receptor 
(FSHR) gene. The two most common are the 
Thr307Ala and Asn680Ser polymorphisms. A 
total of 11 studies were included in a recent 
metaanalysis. The random-effect analysis 
showed Asn680Ser to be significantly associ- 
ated with the reduced susceptibility to PCOS 
in a dominant model (Asn/Asn + Asn/Ser vs 
Ser/Ser, OR = 0.83, 95% CI: 0.69—1.00) as well 
as in a recessive model (Asn/Asn vs Asn/ 
Ser + Ser/Ser, OR = 0.84, 95% CI: 0.72—0.98). 
Moreover, the homozygote comparison (Asn/ 
Asn vs Ser/Ser, OR = 0.79, 95% CI: 0.63—0.98) 
and the allele contrast comparison (Asn vs Ser, 
OR = 0.87, 95% CI: 0.79—-0.97) both showed 
that these FSHR SNPs were protective fac- 
tors for PCOS. Finally, no significant associa- 
tions were found between Thr307Ala and 
PCOS [21]. 

More recently, based on the fact that anti- 
Miillerian hormone (AMH) serum levels are 
increased in women with PCOS SNPs in the 
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AMH gene as well as in the AMH Type II 
Receptor (AMHR2) gene, these genes have 
been studied. Five studies, involving a total of 
2042 PCOS cases and 1071 controls, were 
included in a recent metaanalysis. This study 
concluded that neither SNPs in the AMH gene 
nor those in the AMHR2 conferred a height- 
ened risk for PCOS [22]. 

The results of a metaanalysis, including 13 
studies, assessing the role of different tumor 
necrosis factor-alpha (TNF-a) SNPs and PCOS 
susceptibility suggests a positive association 
between one TNF-a SNP (1031T >C and IL-6- 
174G >C) and the risk of PCOS. However, no 
associations were detected between another 
nine SNPs in the TNF-a gene and the risk for 
PCOS. However, due to the heterogeneity and 
low quality of the studies related to PCOS 
polymorphisms in the metaanalysis, the results 
should be interpreted with caution according 
to these authors [23]. 

Another metaanalysis, including a total of 
14 studies, investigated the association of SNPs 
in the interleukins IL-6 and IL-18 and did not 
find a significant relationship between these 
SNPs and the susceptibility for PCOS [24]. In 
the same year a second metaanalysis confirmed 
these results for the IL-6 SNP [25]. 


Genome-wide association studies 


The transition to genome-wide association 
studies (GWAS) has provided a new concep- 
tual framework in the search for variants 
underlying common disorders. Rather than 
focusing on biological candidate genes as 
described in the previous section, in GWAS the 
whole genome is screened without any prior 
predilection for specific regions, genes, or var- 
iants of interest. Therefore GWAS is generally 
characterized as a “hypothesis-free” or an 
“agnostic” approach. This “hypothesis-free” 
basis of GWAS offered the opportunity to over- 
come difficulties and obstacles imposed by the 
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incomplete understanding of the pathophysiology 
of the disease or trait under study. 

The first GWAS in PCOS was performed by 
a group based at Shandong University in 
China. The discovery set included 744 PCOS 
cases and 895 controls and subsequent replica- 
tions involved two independent large cohorts 
of Han Chinese women with PCOS and con- 
trols. Three genome-wide significant loci were 
identified showing strong associations with 
PCOS located at chromosome 2 (2p16.3 and 
2p21) and chromosome 9 (9q33.3) [26]. In a sec- 
ond GWAS published a year later they identi- 
fied nine new loci that were significantly 
associated with PCOS. The PCOS-associated 
signals showed evidence of enrichment for 
candidate genes related to insulin signaling, 
gonadotropic hormone function, and type II 
diabetes. Other candidate genes were related 
to calcium signaling and endocytosis [27]. 

A few years later a study in American 
women of European descent was published 
identifying two new loci mapping to chromo- 
some 8 (8p23.1) and chromosome 11 (11p14.1), 
and a known locus on chromosome 9 (9q22.32) 
previously found in Chinese GWAS. The SNP 
on chromosome 11 in the region of the follicle- 
stimulating hormone B polypeptide (FSHB) 
gene was strongly associated with the former 
PCOS NIH diagnosis as well as with luteiniz- 
ing hormone (LH) levels [28]. In the same year 
a large European collaboration produced 
another GWAS on PCOS. That study was per- 
formed in up to 5184 self-reported cases of 
white European ancestry and 82,759 controls, 
with follow-up in a further approximately 2000 
clinically validated cases and approximately 
100,000 controls. Six signals for PCOS in or 
near known genes (ERBB4/HER4, YAP1, 
THADA, FSHB, RAD50, and KRR1) were iden- 
tified. Variants in/near three of the four epi- 
dermal growth factor receptor genes were 
associated with PCOS at or near genome-wide 
significance. Mendelian randomization analy- 
ses indicate causal roles in PCOS etiology for 
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higher body mass index, higher insulin resis- 
tance, and lower serum SHBG concentrations. 
Furthermore, genetic susceptibility to later 
menopause is significantly associated with 
higher PCOS risk and PCOS-susceptibility 
alleles are significantly associated with higher 
serum anti-Mullerian hormone concentrations 
in girls. This large-scale study implicates an eti- 
ological role of the epidermal growth factor 
receptors, infers causal mechanisms relevant to 
clinical management and prevention, and sug- 
gests balancing selection mechanisms involved 
in PCOS risk [29]. 

Another GWAS in Korean women consisted 
of 976 PCOS cases and 946 controls, with a rep- 
lication cohort including 249 PCOS cases and 
778 controls. One novel locus with genome- 
wide significance and seven moderately asso- 
ciated loci for PCOS were identified. The 
strongest association was on chromosome 8 
(8q24.2). The latter signal was _ located 
upstream of the KHDRBS3 gene, which is 
associated with telomerase activity, and could 
drive PCOS and related phenotypes [30]. 

Another GWAS compared patients with 
PCOS with women from infertile couples due 
to tubal occlusion or male factor infertility who 
were used as controls. By primary selection 
and secondary verification at two stages in the 
experiment, three SNPs were found to contain 
significantly different allele frequencies 
between the patient and control groups. Genes 
involved were the known THADA, DENND1A, 
and a new locus in the TOX3 gene. The aver- 
age expression levels at the three discovered 
SNP sites were significantly different between 
the patient and control groups, indicating their 
possible functional role in the pathogenesis of 
PCOS [31]. 

A recent metaanalysis of the cross-ethnic 
effects through GWAS identified genetic var- 
iants for 12 of 17 genetic variants mapping to 
the Chinese PCOS loci that had similar effect 
sizes and identical directions with PCOS 
patients from northern European ancestry, 
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indicating a common genetic risk profile for 
PCOS across populations. Therefore it is 
expected that a large GWAS in PCOS patients 
with northern European ancestry will partly 
identify similar loci as the GWAS in Chinese 
PCOS patients [32]. 

Indeed, the most recent study of over 10,000 
cases of PCOS and over 100,000 controls of 
European ancestry identified only three novel 
loci (near the PLGRKT, ZBTB16, and MAPRE1 
genes) and replicated 11 previously reported 
loci (see Fig. 7.1). Only one locus differed sig- 
nificantly in its association by diagnostic crite- 
ria; otherwise the genetic architecture was 
similar between PCOS diagnosed by self-report 
and PCOS diagnosed by NIH or non-NIH 
Rotterdam criteria across common variants at 
13 loci. Identified variants were associated 
with hyperandrogenism, gonadotropin regula- 
tion, and testosterone levels in affected women. 
Moreover, linkage disequilibrium score regres- 
sion analysis revealed genetic correlations with 
obesity, fasting insulin, type II diabetes, lipid 
levels, and coronary artery disease, indicating 
a shared genetic architecture between meta- 
bolic traits and PCOS. Finally, Mendelian ran- 
domization analyses suggested that all loci 
associated with body mass index, fasting 
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insulin, menopause timing, depression, and 
male-pattern balding play a causal role in 
PCOS. These data clearly demonstrate three 
novel loci associated with PCOS and similar 
genetic architecture for all diagnostic criteria. 
The data also provide the first genetic evidence 
for a male phenotype for PCOS and a causal 
link to depression, a previously hypothesized 
comorbid disease. Thus genetics provide a 
comprehensive view of PCOS that encom- 
passes multiple diagnostic criteria, gender, 
reproductive potential, and mental health [33]. 


Functional studies 


The ultimate proof that SNPs in or near 
genes are involved in the pathogenesis of 
PCOS is finally derived from functional studies 
showing that gene products really influence 
phenotypical features, response to treatment, 
and long-term health. Several studies have 
been performed to address whether identified 
SNPs really play such a role in PCOS. 

The first two studies looked at RNA expres- 
sion profiles in ovarian tissue and theca cells. 
The microarray analysis of PCOS and normal 
ovaries identifies dysregulated expression of 


FIGURE 7.1 Manhattan plot show- 
ing the results of a metaanalysis for 
polycystic ovarian syndrome (PCOS) 
status, adjusting for age. On the Y axis 
the inverse log10 of the P value [—log10 
(P)] is plotted. The green dashed line des- 
ignates the minimum P value for 
genome-wide significance (<5.0 x 10%). 
Genome-wide significant loci are 
denoted with a label showing the nearest 
gene to the index single-nucleotide poly- 
morphism (SNP) at each locus. SNPs 
with P values =1.0X107 are not 
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genes encoding components of several biologi- 
cal pathways or systems such as Wnt signaling, 
extracellular matrix components, and immuno- 
logical factors. Analyses of whole ovarian tis- 
sue mounts and those only harboring theca cells 
were surprisingly similar [34,35]. Surprisingly 
there is not much of an overlap between the 
expression array findings and the risk loci discov- 
ered through GWAS. Focusing on granulosa cells, 
another study demonstrated that genes linked to 
diabetes mellitus, inflammation, cardiovascular 
diseases, and infertility are of importance in 
women suffering from PCOS. It is of interest that 
most of the identified dysregulated genes were 
also involved in oxidative stress, lipid metabo- 
lism, and insulin signaling. This might indicate 
that these genes may be involved in follicular 
growth arrest as well as in the metabolic disor- 
ders associated with PCOS [36]. 

A more recent study demonstrated that a 
splice variant (DENND1A.V2) derived from 
the DENNDIA gene identified in all GWAS up 
till now plays a functional role in controlling 
theca cell steroidogenesis. This particular study 
showed that overexpression of DENND1A.V2 
is sufficient to convert normal theca cells into a 
PCOS biochemical phenotype characterized by 
increased CYP17A1 and CYP11AI1 gene expres- 
sion and augmented androgen and progestin 
production. Moreover, suppression of 
DENND1A.V2 function pushes PCOS theca 
cells toward a normal phenotype, non-PCOS 
phenotype in terms of steroidogenic enzyme 
gene expression, and steroid production [37]. 

In a more recent study from the same group 
the functional roles of strong PCOS candidate 
loci focusing on FSHR, LHCGR, INSR, and 
DENNDIA were reviewed. They proposed that 
these candidate genes comprise a hierarchical 
signaling network by which DENNDIA, 
LHCGR, INSR, RAB5B, adapter proteins, and 
associated downstream signaling cascades con- 
verge to regulate theca cell androgen biosyn- 
thesis. Moreover, other genetic variants 
identified in earlier GWAS including YAP1, 
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RABSB, C9orf3, TOX3, and HMGA2 genes also 
fit into this model [38]. 

In one Chinese study it was shown that by 
applying a recessive model certain THADA 
variants were associated with increased serum 
LH as well as increased testosterone levels in 
subjects with PCOS. The LH/FSH ratio was 
also significantly higher in those women 
homozygous for the A allele. In case they used 
a recessive model the homozygous C allele 
genotype was significantly associated with 
increased levels of low-density lipoprotein. 
Similarly, in a dominant model variants in 
DENNDIA were significantly associated with 
elevated serum insulin levels in patients with 
PCOS [39]. 

A very recent study looking at the expres- 
sion levels of several of GWASs identified 
genetic variants in adipose tissue biopsies. 
Subsequently these women were treated with 
metformin for some time. A variant in the 
THADA locus was associated with a response 
to metformin and metformin was a predicted 
upstream regulator at the same locus. 
Moreover, the FSHB locus was associated with 
serum LH levels. Genes near the PCOS risk 
loci demonstrated differences in expression as 
a function of genotype in adipose women, 
including BLK and NEIL2 (GATA4 locus), and 
GLIPR1 and PHLDA1 (KRR1 locus). By com- 
bining data on the phenotype, expression 
quantitative trait loci and upstream regulatory 
and pathway analyses these authors hypothe- 
sized that there are several genetically deter- 
mined PCOS subphenotypes. Hence, FSHB, 
FHSR, and LHR loci may influence PCOS risk 
based on their relationship to gonadotropin 
levels. In contrast THADA, GATA4, ERBB4, 
SUMOI1P1, KRR1, and RAB5SB loci appear to 
confer risk through metabolic mechanisms 
whilst the[RF1, SUMO1P1, and KRR1 loci may 
confer PCOS risk in development. Finally, the 
TOX3 and GATA4 loci appear to be involved 
in inflammation and its consequences. These 
data suggest the potential that, based on the 


B. Clinical scenarios 


118 


genetic findings in women with PCOS, certain 
subphenotypes can be distinguished, offering 
opportunities for personalized treatment [40]. 
Several other PCOS risk loci have promising 
functional candidate genes mapped to signals 
at 2p16.3 (LHCGR, FSHR) and 11p14.1 (FSHB). 
These genes play important roles in ovarian fol- 
licle development and ovulation, making them 
clear candidate susceptibility genes for PCOS. 
Data on the role of FSHR polymorphisms in 
PCOS are conflicting. It seems that in large 
Chinese studies FSHR polymorphisms are not 
associated with either PCOS risk or with PCOS 
treatment outcome. However, in large-scale 
studies in Caucasians these polymorphisms 
seem to influence the risk of having PCOS. 
Moreover, these studies also showed that some 
polymorphisms might affect some clinical fea- 
tures of PCOS as well as treatment outcome. 
Although most research has focused on the role 
of FSHR polymorphisms there seems to be also 
some evidence showing that SNPs in the 
LHCGR as well as those in the FSHB gene 
might also alter the phenotype of PCOS [41]. 
AMH serum levels are increased in most 
women with PCOS [1]. Moreover, there seems 
to be a genetic predisposition for this phenome- 
non because fathers as well as brothers of 
women with PCOS also have higher levels of 
AMH [42]. Earlier studies were not able to 
show that genetic variants in the AMH and 
AMH type II receptor gene were associated 
with PCOS susceptibility, however, a later 
study did reveal that the AMH Ile(49)Ser poly- 
morphism contributes to the severity of the 
PCOS phenotype [43]. Interestingly, a recent 
report identified 24 rare genetic variants in a 
case—control study. Eighteen of these variants 
were specific for PCOS patients and nearly all 
were associated with decreased AMH signal- 
ing. This might increase androgen biosynthesis 
due to decreased AMH-mediated inhibition of 
CYP17 activity [44]. Of note in this context is 
the fact that recent studies identified that 
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gonadotropin-releasing hormone neurons 
(GnRH) also harbor AMHR2 and the same 
GnRH neurons respond to AMH administra- 
tion by increasing LH secretion with a concomi- 
tant decrease in FSH secretion [45]. 
Furthermore, genetic susceptibility to later 
menopause is associated with higher PCOS risk 
and PCOS-susceptibility alleles are associated 
with higher serum anti-Mullerian hormone 
concentrations in girls [29]. These findings were 
recently validated in another study demonstrat- 
ing some genetic variants determining age at 
menopause that are also associated with the 
risk for developing PCOS. These data also sug- 
gest opposing influences of the genetic variants 
on both menopausal age and PCOS [46]. 
Indeed women with PCOS do enter menopause 
at a later age compared to healthy controls [47]. 

Similarly, reduced methylation in the LHCGR 
locus and increased methylation in the INSR 
locus have been described in detail, suggesting 
that local genetic variation plays an important 
role in gene regulation. For instance nonobese 
PCOS women possess significant alterations in 
LH receptor expression, resulting in increased 
androgen secretion from the ovaries [48,49]. 
Moreover, in obese women with PCOS the insu- 
lin receptor is underexpressed in metabolic tis- 
sues and overexpressed in the ovaries, resulting 
in peripheral insulin resistance and excess ovar- 
ian androgen production. These studies provide 
a genetic and molecular basis for the reported 
clinical heterogeneity of PCOS [49]. 

Recently, epigenetic mechanisms have been 
involved in the pathogenesis of PCOS. Several 
studies have shown that methylation in DNA 
and miRNAs is altered in women with PCOS 
in blood, serum, adipose tissue, granulosa 
cells, and theca. This evidence indicates that 
women with PCOS have a different epigenetic 
regulation, which might be triggered by an 
adverse intrauterine environment or by postna- 
tal environmental elements such as diet and/ 
or obesity [50]. 
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Conclusion 


PCOS is a complex genetic disorder which 
runs within families of affected women and has 
a high degree of heritability. Several hundreds 
of candidate genes have been studied, however, 
the majority of these genetic variants have not 
been replicated in sufficiently large case—control 
studies. Genetic variants in the Fibrillin gene, the 
AR, FTO gene, the insulin receptor, the FSHR 
gene, the TNF alpha gene, and some variants in 
the IL-6 gene confer a certain risk for PCOS and 
have been replicated in sufficiently large studies 
or metaanalyses. More recently, GWASs have 
identified up to 20 genetic variant genes 
involved in neuroendocrine, metabolic, and 
reproductive pathways. Cross-ethnic analyses 
indicate a common genetic risk profile for PCOS 
across populations. These studies also provided 
evidence for shared biologic pathways between 
PCOS and a number of metabolic disorders, 
menopause, depression, and male-pattern bald- 
ing, a putative male phenotype. There is not 
much overlap between GWAS findings and 
most functional molecular studies. However, 
most of the identified SNPs seem to play a role 
in a pathway responsible for trafficking and 
recycling of large protein transmembrane recep- 
tors. Moreover, some promising SNPs involved 
in gonadotropin action have been identified 
which not only constitute risk factors for PCOS 
but also seem to influence the response to 
ovulation induction treatment. Last but not 
least, evidence is accumulating that epigenetic 
mechanisms might also play a role in the 
pathogenesis of PCOS, either during fetal pro- 
gramming or in later life through factors as 
obesity and diet composition. 
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Introduction 


Male factor infertility affects approximately 
7% of the male population and impacts 15% of 
couples worldwide [1,2]. It has long been rec- 
ognized that a complex relationship exists 
between male infertility, biologic factors, and 
environmental factors [3]. More recently, publi- 
cations have focused specifically on the intrin- 
sic link between infertility and genetic or 
epigenetic aspects. Despite significant efforts, 
an identifiable pathophysiologic cause for male 
factor infertility is lacking in nearly half of 
cases [4]. Dysregulation of either genetic or epi- 
genetic factors has emerged as a potential etiol- 
ogy for previously unexplained cases of 
infertility. Genetic anomalies or epigenetic 
changes, which include alterations in DNA 
methylation and histone modifications, can 
have sweeping detrimental effects on fertility. 
This chapter discusses the commonly identi- 
fied genetic anomalies associated with male 
factor infertility and provides a background for 
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recent discoveries which relate to genetics and 
infertility. The following pages also provide a 
summary of the current understanding of the 
role of epigenetics in male fertility. 

Gene mutations and alterations in chromo- 
somes can result in abnormal spermatogenesis 
(Table 8.1). Nearly 15% of the male genome 
is involved in male reproduction, but only a 
handful of genes have been identified as clini- 
cally useful in the evaluation of male infertility 
[5]. Genetic abnormalities such as Klinefelter 
syndrome, Y chromosome microdeletions, and 
single gene mutations are known to impact a 
man’s ability to reproduce [6]. The frequency 
of chromosomal anomalies and microdeletions 
of the azoospermia factor (AZF) region of 
the Y chromosome is directly correlated with 
the severity of spermatogenic defects and 
approaches 30% in men with azoospermia 
(15% karyotype abnormalities, 15% AZF micro- 
deletions) [7]. It is also believed that a signifi- 
cant proportion of idiopathic male infertility 
cases can be attributed to underlying genetic 
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TABLE 8.1 Genetic causes of male infertility. 


Condition Category Frequency Diagnosis Clinical presentation and comments 
Klinefelter syndrome Sex chromosome (X) e 0.1%—0.2% of males Karyotype ¢ Hypergonadotropic hypogonadism 
in the general 47,XXY (90%) e Impaired spermatogenesis 
population 46,XY /47,XXY e Progressive destruction of seminiferous 
°© 3%—4% of male 48,XXXY tubules 
infertility cases 49, XXXXY e High degree of phenotypic variation 
e 11% of e Tall stature, small testes, gynecomastia, 
nonobstructive broad hips, sparse body hair, and signs of 
azoospermia cases androgen deficiency 


e Linked to diabetes, dyslipidemia, and 
cardiovascular disease 
e Frequently underdiagnosed 


Y chromosome Sex chromosome (Y) e 4% of male Polymerase chain e Severe spermatogenic defects 
microdeletion of the infertility cases reaction (PCR) e¢ Hypergonadotropic hypogonadism 
azoospermia factor (AZF) © 10%—15% of AZFc deletion: 75% e Extremely poor prognosis with AZFa and 
region idiopathic AZFb + c deletion: 14% AZFb deletions. Prognosis improved for 
azoospermia and AZFb deletion: 7% AZFc deletions 
severe AZFa deletion: 2% e Sperm retrieval success rates via microTESE 
oligozoospermia Partial deletions: 2% 30%—50% with AZFc deletions 
cases ¢ Vertical transmission of microdeletion to 


male offspring 


Polymorphisms in Autosomal e Each polymorphism Whole-genome testing ¢ Discordant data within the literature 
various autosomal genes unlikely to (genome-wide (controversial) 
(LOC203413, BRDT, contribute to a association studies, e Low degree of clinical applicability 
OR2W3, GRTH, FKBP6, significant GWAS) e Low frequency of specific mutations 
MSY2, TSSK2, and proportion of the Next-generation e Wide range of clinical phenotypes 
SOD2) infertile male sequencing (NGS) 

population Single-nucleotide 


polymorphism (SNP) 
array and copy 
number variant (CNV) 
studies 


XX male DSDs Sex chromosome (X) e 1in 20,000 newborn Karyotype 90% possess * Hypergonadotropic hypogonadism 
males SRY region on X e Degeneration of seminiferous tubules, 
chromosome testicular failure 

e Arise from translocations of segment of the 
Y chromosome to the X chromosome 
during paternal meiosis 

e Often with normal male external genitalia 
and small testes 

e Increased prevalence of hypospadias and 


micropenis 
X-linked androgen Sex chromosome (X) e 1.7% of infertile PCR amplification of | ¢ Located at Xql1-12 
receptor (AR) defects male patients coding region of AR e Presence of longer CAG trinucleotide 
e Very rare in general gene (longer CAG repeats on AR can cause infertility and 
population repeats in exon 1 neuromuscular disease 
associated with ¢ Contradictory results (higher association 
infertility) with infertility in Asian populations and 


less in European) 
e Phenotype ranges from mild defect of 
virilization to complete female phenotype 


TEX11 gene defect Sex chromosome (X) e 1% of azoospermic PCR amplificationand ¢ Encodes a vital protein for male germ cell 
men Sanger sequencing meiotic DNA recombination 
e TEX11 protein normally expressed in sperm 
and testes 


e Higher rates of absence of TEX11 activity in 
azoospermic men 


Kallmann syndrome Sex chromosome (X) e 1in 30,000 males Next-generation e Delayed or absent puberty and anosmia 
sequencing e Failure of GnRH neurons to migrate via 
ANOS! gene mutation olfactory placode 
(X-linked recessive) e¢ Hypogonadotropic hypogonadism 
Autosomal dominant e¢ Micropenis, cryptorchidism, and lack of 
forms (FGFR1, sexual development 
PROKR2, PROK2, e Associated with unilateral renal agenesis, 


CHD7, and FGF8) cleft lip/palate, and hearing loss 
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anomalies. The analysis of polymorphisms in 
genes involved in spermatogenesis is an area 
of tremendous research potential, and poly- 
morphisms in several genes such as the andro- 
gen receptor (AR), DNA polymerase gamma 
(POLG), 5-methylenetetrahydrofolate reductase, 
deleted-in-azoospermia-like, follicle-stimulating 
hormone receptor, estrogen receptor alpha, and 
protamine 1 and 2 genes have been investigated 
for potential roles in male infertility [7,8]. While 
publications have yielded conflicting results 
regarding the impact of each polymorphism on 
overall male fertility, developing a better under- 
standing of underlying genetic abnormalities 
associated with male infertility is crucial. The 
use of genetically compromised spermatozoa 
in assisted reproductive technology (ART) may 
be associated with adverse outcomes such as 
abnormal embryo development, implantation 
failure, or increased risk of miscarriage and birth 
defects [9]. Identifying genetic abnormalities 
which result in infertility could serve as a key to 
avoiding adverse reproductive outcomes going 
forward. 

Epigenetic modifications are responsible for 
controlling a number of processes within the 
human body, and they serve a regulatory role 
within the male reproductive system [10]. 
Epigenetic modifications involve changes to 
the phenotype of an individual which arise 
separately and distinctly from the DNA 
sequence itself. The two major molecular modi- 
fications which fall under the classification of 
epigenetics are DNA methylation and _ post- 
translational histone modification [11,12]. 
Altered epigenetic profiles in sperm have been 
identified in men with oligozoospermia and 
oligoasthenoteratozoospermia. The extensive 
epigenetic reprogramming pathways which 
establish the functional qualities of spermato- 
zoa can be altered by numerous environmental 
or lifestyle factors. Abnormalities in epigenetics 
may have detrimental effects on semen 
analysis parameters, fertilization, implantation, 
placentation, and fetal growth [10,13]. Due to 


8. Male factor infertility: genetic and epigenetic aspects 


the fact that epigenetic modifications do not 
induce changes in the gene sequence or copy 
number, epigenetics could provide a plausible 
explanation for at least a portion of cases of 
male infertility in which no genetic anomalies 
are detected using conventional techniques of 
genetic analysis [14]. In addition to changes 
within the spermatozoa, epigenetic changes 
which affect the seminal fluid may impact 
postejaculatory sperm survival and compe- 
tence, and may result in disruptions to normal 
cytokine regulation involved with early 
embryogenesis [15]. It has also been shown 
that epigenetic alterations in men may have 
downstream effects on metabolic and repro- 
ductive function in offspring [16,17]. The male 
epigenome represents an area which could 
serve aS a potential diagnostic or prognostic 
tool in the context of male infertility, and a sig- 
nificant number of previously unidentified 
causes of male infertility may, in fact, relate to 
epigenetic abnormalities. 


Genetic aspects of male infertility 


Underlying genetic abnormalities are com- 
mon in infertile men. In a study published in 
2017, it was found that 27.3% of men with non- 
obstructive azoospermia and 15.9% of men 
with severe oligospermia had underlying 
genetic abnormalities. As a comparison, only 
1.3% of normozoospermic controls possessed 
an underlying genetic abnormality [18]. 
Among men with nonobstructive azoospermia, 
the most frequently observed genetic condi- 
tions include sex chromosome disorders such 
as Klinefelter syndrome and Y chromosome 
microdeletions. Together, Y chromosome 
microdeletions and Klinefelter syndrome 
account for 10%—20% of severe spermatogenic 
failure cases [19]. Autosomal translocations 
and inversions can also be seen, but these 
genetic mutations are present in a relatively 
small proportion of cases. A Chinese study 
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published in 2012, which evaluated 1056 infertile 
men, demonstrated that male factor infertility 
was attributed to chromosomal translocations 
in only 2.1% of patients (0.7% of patients pos- 
sessed Robertsonian translocations, 1.0% had 
autosome—autosome reciprocal translocations, 
and 0.4% demonstrated gonosome—autosome 
reciprocal translocations) [20]. 

Men with known genetic syndromes may 
also face issues related to fertility. While 
Klinefelter syndrome may be the most well- 
known genetic syndrome associated with infer- 
tility, patients with Kallman syndrome, sickle 
cell anemia, cystic fibrosis (CFTR gene muta- 
tions), Kartagener syndrome, myotonic dystro- 
phy, Fanconi anemia, and beta thalassemia 
exhibit diminished fertility potential as well as 
elevated somatic health risks related to their 
specific disease processes [21]. Prior to the 
advent of ART, infertility associated with 
genetic syndromes likely limited the natural 
transmission of genetic abnormalities to future 
generations. The use of techniques such as 
microdissection testicular sperm extraction 
(microTESE) and intracytoplasmic sperm injec- 
tion (ICSI) in modern fertility practice has now 
made it possible for many infertile men with 
genetic abnormalities to ultimately father chil- 
dren. However, this situation increases the risk 
of passing genetic aberrations to future genera- 
tions and necessitates the implementation of 
genetic screening protocols for partners as well 
as embryos [18,22]. 

In recent years, the use of genomic microar- 
ray testing has been applied to the entire male 
genome in genome-wide association studies to 
assist in identifying previously unrecognized 
genetic causes of infertility [19]. Initial studies 
have targeted the most severe phenotypes of 
male infertility, including nonobstructive azoo- 
spermia and complete globozoospermia. In the 
future, variations in multiple genes and regula- 
tory regions may be identified which could 
characterize less severe forms of abnormal 
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spermatogenesis on the spectrum of male infer- 
tility and subfertility [19]. Much work remains 
to be done in this area, and studies are ongoing 
which utilize next-generation sequencing and 
copy number variant techniques to explore the 
link between genetics and male _ infertility 
[23,24]. 


Klinefelter syndrome 


Klinefelter syndrome is identified as the 
underlying etiology of infertility in an estimated 
3%—4% of infertile men [25]. Among men with 
nonobstructive azoospermia, reported preva- 
lence is much higher, approaching 11% [26]. 
Klinefelter syndrome results in primary testicu- 
lar failure early in the reproductive years and 
affects somewhere between 0.1% and 0.2% of 
males in the general population [26]. This dis- 
ease process results from an additional X chro- 
mosome in men, most commonly presenting as 
a 47,XXY karyotype. Men with this condition 
generally have severely reduced sperm counts 
and underdeveloped testes. This abnormality 
is associated with significant health comorbid- 
ities and a life expectancy which is shortened 
by somewhere between 2 and 5 years [27]. 
Klinefelter syndrome has been well character- 
ized since its initial description in 1942 and 
phenotypically presents with a constellation of 
findings that includes tall stature, small testes, 
gynecomastia in late puberty, gynoid aspect of 
the hips (broad hips), sparse body hair, signs of 
androgen deficiency, findings consistent with 
low serum testosterone, and elevated gonadotro- 
pins. Azoospermia, oligospermia, and. hyaliniza- 
tion or fibrosis of the seminiferous tubules are 
also commonly observed [28,29]. 

Despite its common nature, Klinefelter syn- 
drome remains underdiagnosed. Only 25% of 
men with Klinefelter syndrome are diagnosed 
during their lifetimes, and fewer than 10% of 
patients are diagnosed before puberty [30]. 
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Variations exist in the clinical phenotype of 
Klinefelter syndrome, but men with this disor- 
der nearly universally suffer from absolute or 
relative hypergonadotropic hypogonadism and 
impaired spermatogenesis. Testicular function 
is negatively impacted in childhood, and young 
boys with Klinefelter syndrome display low 
testicular volumes when compared to age- 
matched controls [31]. From a fertility stand- 
point, men with infertility related to Klinefelter 
syndrome often require surgical sperm extrac- 
tion to obtain spermatozoa to be used for fertili- 
zation. In a 2012 publication evaluating 16 
studies which looked at sperm retrieval rates 
among men with Klinefelter syndrome, the aver- 
age overall sperm retrieval rate was 51%, with a 
range of 28%—69% at various centers using dif- 
ferent surgical techniques. When microTESE was 
used, higher retrieval rates were noted when 
compared to nonmicrodissection TESE (61% vs 
47%) [26]. Younger age at the time of sperm 
retrieval has been correlated with higher success 
rates for surgical sperm extraction procedures, 
highlighting the progressive destruction which 
occurs as a result of this disease process 
[32]. While only 8% of adults with Klinefelter 
syndrome have sperm in the ejaculate, 
approximately 70% of males 12—20 years of 
age had sperm present in ejaculated semen 
samples [26]. 

From a genetic standpoint, Klinefelter syn- 
drome has been successfully identified for dec- 
ades. Initially, diagnosis for both Klinefelter 
syndrome and Y chromosome deletions was 
achieved through cytogenetic techniques [19]. 
The specific chromosomal abnormality which 
is present in Klinefelter syndrome is due to 
either meiotic or mitotic nondisjunction, which 
results in the observed sex chromosomal aneu- 
ploidy. Approximately 90% of cases present 
with the pure form of the disease, a 47,XXY 
karyotype. The remaining 10% of cases are the 
result of mosaicism (46,XY/47,XXY), higher 
grade aneuploidy (48,XXXY; 49,XXXXY), and 
structurally abnormal X chromosomes [33,34]. 
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In men with Klinefelter syndrome, the extra X 
chromosome typically undergoes inactivation, 
but studies have shown that certain genes 
escape the inactivation process. The genes 
which remain active are thought to be either 
directly or indirectly responsible for the clinical 
manifestations of Klinefelter syndrome [33]. 

The high degree of phenotypic variation 
seen in patients with Klinefelter syndrome 
directly relates to the underlying genetics. For 
instance, not all patients display the classic 
finding of tall stature associated with 
Klinefelter syndrome. The presence or absence 
of tall stature is believed to relate to the short 
stature homeobox-containing gene, which 
resides in the pseudoautosomal region of the X 
chromosome. This gene is not subject to X 
chromosomal inactivation [35]. Variations in 
the presence or absence of mature spermatozoa 
in the testes of men with Klinefelter syndrome 
are likely related to the associated degree of 
gonosomal mosaicism. In patients with mosai- 
cism, 46,XY spermatogonia which have lost the 
additional X chromosome and have returned 
to the normal diploid state are able to avoid 
cellular destruction and can proceed through 
meiosis I and meiosis II as well as spermato- 
genesis. It is theorized that these healthy sper- 
matogonia come to reside in a_ scattered 
fashion within the seminiferous tubules. The 
distribution of normal and abnormal cells is 
thought to be random, which explains the often 
haphazard nature of healthy seminiferous 
tubules within the testes [26]. The process by 
which a 47,XXY spermatogonial stem cell loses 
its supernumerary X chromosome is likely 
related to anaphase lag during mitotic renewal 
or differentiation [36]. Regardless of the under- 
lying mechanism, a man’s ability to produce 
adequate spermatozoa is directly influenced by 
the number of normal 46,XY germ cells 
present. 

Abnormalities in sperm production may 
begin in utero for patients with Klinefelter syn- 
drome. Two studies published by Winge et al. 
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which utilized RNA sequencing technology 
demonstrated that the testes of male fetuses 
with Klinefelter syndrome express alterations 
in transcription profiles even prior to birth. 
Specifically, these fetal testes had a significant 
enrichment of X chromosomal transcripts and 
long noncoding RNAs, which suggested that 
the failure of gonocyte differentiation into pre- 
spermatogonia in the fetal testes was a direct 
precursor to abnormal spermatogenesis and 
abnormal maturation of Sertoli and Leydig 
cells in the adult testes of men with Klinefelter 
syndrome [37,38]. Klinefelter syndrome is one 
of the most heavily studied areas of male infer- 
tility. However, despite its history, researchers 
continue to make new discoveries related to 
the genetic aspects of Klinefelter syndrome. 


Y chromosome microdeletions 


Approximately 10%—15% of idiopathic azo- 
ospermia and severe oligozoospermia cases 
can be attributed to Y chromosome microdele- 
tions [39]. The AZFa, b, and c regions on the 
long arm of the Y chromosome are the specific 
areas which have been found to play a role in 
spermatogenesis [40]. Y chromosome microde- 
letions are preferentially associated with severe 
defects in spermatogenesis, so testing for Y 
chromosome microdeletions is a standard com- 
ponent in the evaluation of azoospermic men 
[41]. A 2019 study from the United Kingdom 
evaluated 1473 men with infertility and sought 
to describe the prevalence of Y chromosome 
microdeletions among men with varying 
degrees of semen analysis abnormalities. In 
this study, the overall incidence of microdele- 
tions was 4%. Microdeletions were most com- 
monly observed on the c region of the long 
arm of the Y chromosome. Frequency by 
region of deletion was as follows: AZFc micro- 
deletion (75%), AZFb + c (13.8%), AZFb (6.9%), 
AZFa (1.7%), and partial AZFa (1.7%). A high 
follicle-stimulating hormone (FSH) _ level 
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(P<.001) and a low sperm concentration 
(P<.05) were both found to be significantly 
predictive of the presence of a microdeletion 
[42]. The AZFc subregion is located at the dis- 
tal end of AZF and appears to be one of the 
primary drivers for genetic variation in the Y 
chromosome [43]. 

While Klinefelter syndrome can easily be 
detected on karyotype, the Y chromosome 
microdeletions which result in infertility are fre- 
quently too small for detection by this method. 
Advanced molecular techniques such as poly- 
merase chain reaction (PCR) are required to 
confirm the diagnosis of a Y chromosome micro- 
deletion [44]. The specific region which pos- 
sesses the microdeletion often dictates the 
prognosis for men with Y chromosome microde- 
letions. Deletions of the AZFa or AZFb regions 
predict poor clinical outcomes, and even with 
the use of surgical sperm extraction, it is 
extremely unlikely for mature spermatozoa to 
be isolated [45]. Therefore surgical sperm extrac- 
tion is not recommended for men who carry 
microdeletions of the AZFa or AZFb regions. 
Men with AZFc microdeletions have compara- 
tively better outcomes, and successful surgical 
sperm extraction procedures are often able to be 
performed. It is of note that, if a man with an 
AZFc microdeletion has mature spermatozoa 
isolated, outcomes with ICSI appear to be unaf- 
fected [46]. A 2018 study evaluating sperm 
retrieval rates via microTESE in men with AZFc 
microdeletions reported successful sperm retrie- 
vals in 36.3% of the azoospermic patients [47]. 

The AZFc subregion has been the subject of 
extensive research during recent years. The 
AZFc subregion is an area on the long arm of 
the Y chromosome which is 3.5 Mb in size. 
This subregion consists of repeated DNA 
amplicons and is prone to structural variation 
in men. While some variation is clinically insig- 
nificant, certain disruptions in this portion of 
the chromosome result in infertility [48]. 
Partial deletions have recently gained scientific 
attention, and four partial deletions which 
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adversely impact spermatogenesis have been 
identified (b2/b4, gr/gr, b2/b3, and b1/b3) 
[43,49—51]. The gr/gr deletion is the most com- 
mon deletion of these and occurs as a result of 
recombination [52]. 

One of the most important clinical implica- 
tions of Y chromosome microdeletions within 
the AZFc subregion is the fact that male off- 
spring of men with AZFc deletions will inherit 
the same deletion and will likely be severely 
oligospermic or azoospermic [53]. The detection 
of Y chromosome microdeletions of individual 
subregions prior to assisted reproductive inter- 
ventions allows for clinical risk stratification 
and can potentially prevent the transmission of 
an AZFc microdeletion to future generations. 
Methods by which AZFc partial deletions are 
identified include two sequence-tagged sites 
(STSs) for the AZFc subregion (sY254 and 
sY255) which is specific to the DAZ gene in the 
P2 and P1 palindromes, an sY160 STS marker, 
and STS-PCR [54,55]. Several commercial kits 
are available to test for Y chromosome microde- 
letions. As a result, screening for AZF subregion 
microdeletions has become a more mainstream 
component of the male fertility evaluation. In 
the years to come, increased identification of Y 
chromosome microdeletions, specifically AZFc 
deletions, will likely assume a more prominent 
role in the screening process of infertile men 
and in research related to overall population 
genetics. 


Gene polymorphisms as a cause of male 
infertility 


As previously stated, Klinefelter syndrome 
and Y chromosome microdeletions constitute a 
significant proportion of the genetic causes of 
male infertility. Investigations into alternative 
genetic etiologies of male factor infertility are 
much less clear and have produced conflicting 
results. Several studies have explored the possi- 
ble relationship between autosomally located 
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genes and their potential impact on spermato- 
genesis. For example, a 2009 Dutch study evalu- 
ated five autosomal genes (SYCP3, MSH4, 
DNMT3L, STRA8, and ETV5) and found that 
changes in STRA8 and ETV5 were detected in a 
population of infertile men but not in a control 
group of men with normozoospermia. While 
this finding was initially promising, a functional 
analysis subsequently revealed that alterations 
in these genes were unlikely to be the cause of 
fertility issues in this population of men [56]. 

Similarly, a 2007 publication evaluated the 
relationship between the catalytic subunit of 
human mitochondrial DNA POLG which is 
encoded by a gene located on chromosome 
15q24. This gene contains a polymorphic CAG 
repeat and was suggested to be a contributing 
factor in cases of idiopathic male subfertility 
[57,58]. In a comparison of 225 infertile or sub- 
fertile men and 123 men with proven paternity, 
homozygous mutations of POLG were found 
in both groups (1.8% of controls and 1.6% of 
infertile or subfertile men). This study con- 
cluded that polymorphisms of the POLG gene 
were unlikely to be associated with male infer- 
tility [58]. A 2012 publication investigated the 
possible association of nine single-nucleotide 
polymorphisms (SNPs) located on eight differ- 
ent genes (FASLG, JMJDIA, LOC203413, TEX15, 
BRDT, OR2W3, INSR, and TAS2R38) with male 
infertility [59]. This study included a popula- 
tion of 136 men with idiopathic infertility (60 
men with azoospermia and 76 men with oligo- 
zoospermia) and 161 fertile controls. Using 
multiplex PCR /SNaPshot analyses followed 
by capillary electrophoresis, the study authors 
found that three of the nine SNPs were signifi- 
cantly associated (P <.05) with male infertility 
(rs5911500 in LOC203413, rs3088232 in BRDT, 
and rs11204546 in OR2W3) [59]. 

Further studies evaluating SNPs of the 
gonadotropin-regulated testicular helicase gene, 
the FKBP6 gene, the MSY2 gene, the TSSK2 gene, 
and several other genes have suggested that 
these polymorphisms may be associated with 
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human spermatogenesis impairment and male 
factor infertility [60—63]. SNP studies have pre- 
dominantly evaluated populations of men with 
previously unexplained infertility in an attempt 
to uncover subtle genetic defects which may 
result in diminished fertility outcomes. While 
several polymorphisms have shown promising 
associations with infertility, others have not. For 
example, a 2017 case—control study of 380 male 
patients with idiopathic infertility and 398 nor- 
mal fertile controls failed to demonstrate an asso- 
ciation between the TP53 gene and male 
infertility [64]. Similarly, a SNP of rs4880 of the 
SOD2 gene was found to have no association 
with male infertility in a study of 519 men with 
idiopathic infertility and 338 fertile controls [65]. 

Polymorphisms in antioxidant genes are 
believed to be more susceptible to sperm DNA 
damage and male infertility, therefore these 
genes have been an area of ongoing research. 
A 2012 Chinese publication examined 11 SNPs 
from six antioxidant genes (GPX1, CAT, PON1, 
NQO1, SOD2/MnSOD, and SOD3) in 580 men 
with infertility and 580 controls. This study 
reported that individuals with abnormalities in 
the PONI and SOD2 genes had significantly 
higher levels of sperm DNA fragmentation and 
an increased risk of male infertility [66]. 
Overall, studies involving the role of SNPs in 
male infertility are highly contradictory. While 
many of these genetic mutations may play a 
role in male fertility, each individual polymor- 
phism likely contributes to a very small per- 
centage of cases within the infertile male 
population. To date, testing for SNPs in the 
general infertile population has not gained 
clinical applicability although it remains an 
exciting area of future research. 


The X chromosome and male infertility 


Despite being one of the most genetically 
stable human chromosomes from an evolution- 
ary standpoint, the X chromosome has numerous 
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areas of rapidly evolving genes which are 
expressed in the testes [67]. There is a growing 
body of evidence that X-linked genes may play 
an important role in male infertility and sper- 
matogenesis [68]. Genes within pseudoautosomal 
regions (PAR1 and PAR2) located at the distal 
ends of the X and Y chromosomes behave in an 
autosomal fashion and are capable of recombina- 
tion during meiosis. This allows for genes associ- 
ated with the X chromosome to carry out 
important functions related to male reproduction 
[69,70]. A supernumerary X chromosome result- 
ing in a 47,XXY karyotype (Klinefelter syndrome) 
has clear reproductive consequences in men. 
Klinefelter syndrome has been discussed in detail 
previously in this chapter. However, other abnor- 
malities involving the X chromosome can also 
result in male factor infertility. 

Nonsyndromic 46,XX testicular disorders of 
sex development (XX male DSDs) are rare, 
with a reported incidence of 1 in 20,000 new- 
born males [71]. Most cases of 46,XX testicular 
DSD males arise from translocations of por- 
tions of the short arm of the Y chromosome to 
one of the X chromosomes, resulting in male 
external genitalia and testicular differentiation, 
despite the lack of a Y chromosome [72]. Males 
with this condition are infertile and exhibit 
azoospermia as a result of degeneration of the 
seminiferous tubules and testicular failure. 
Hormonally, 46,XX testicular DSD males have 
decreased serum testosterone levels and eleva- 
tions in luteinizing hormone andFSH, consis- 
tent with hypergonadotropic hypogonadism 
[67,73]. Approximately 90% of males with this 
disorder possess the sex-determining region of 
the Y chromosome, and translocation of this 
segment of the Y chromosome generally takes 
place during paternal meiosis [74]. This specific 
disorder of sex development does not repre- 
sent a significant proportion of male factor 
infertility cases, but it does serve as an interest- 
ing example of the genetic mechanisms which 
determine the roles of the X and Y chromo- 
somes as they relate to fertility. 
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The relationship between the X-linked AR 
gene, located at Xq11-12, and male infertility is 
somewhat controversial [75]. Certain studies 
have demonstrated that the presence of longer 
AR-CAG trinucleotide repeats is associated 
with an increased risk of male infertility. It has 
also been reported that AR-CAG sequences of 
greater than 40 repeats give rise to Kennedy 
disease, a fatal neuromuscular disease which 
is accompanied by abnormal semen para- 
meters [76]. A 2016 metaanalysis which evalu- 
ated 44 publications determined that increased 
AR-CAG length can result in an increased 
susceptibility to male infertility [75]. While 
increased rates of male factor infertility related 
to CAG repeats were statistically significant, 
the clinical significance of these relatively 
small absolute increases in male infertility 
remains uncertain [67,77]. Defects in the AR 
are also involved in androgen insensitivity 
syndrome, which can manifest as a female 
phenotype in karyotypic males. These indivi- 
duals are also infertile [78]. 

X-linked genes such as the testis-expressed 
11 (TEX11) gene, human reproductive homeo- 
box (RHOX) genes, the ANOS1/KAL1 gene, the 
USP26 gene, and the TAF7L gene have also 
been explored as possible causes of male factor 
infertility [67]. The TEX11 gene encodes a pro- 
tein which is vital for male germ cell meiotic 
DNA recombination [79]. TEX11 deficiency has 
been shown to result in meiotic arrest and 
male infertility and has the potential to serve 
as a genetic marker for men with idiopathic 
infertility [80,81]. Several mutations in the RHOX 
gene cluster, specifically RHOXF1 and RHOXF2/ 
2B aberrations, impair transcription factors and 
result in severe oligozoospermia [82]. ANOS1/ 
KAL1, located on Xp22.31, is involved with the 
neuronal migration of gonadotropin-releasing 
hormone-producing cells within the hypothala- 
mus and is associated with Kallmann syndrome, 
a well-documented cause of hypogonadotropic 
hypogonadism [67,83]. The USP26 gene on Xp26 
assembles the AR and is involved in this 
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receptor’s ubiquitination. Defects in this gene 
result in infertility related to AR dysfunction, 
described above [84]. Finally, the TAF7L gene 
has been extensively studied in knockout 
mice and results in reduced sperm count and 
motility, and diminished fertility potential in 
mouse models [85]. Currently, the role of 
TAF7L in humans and its relationship to male 
infertility are a matter of speculation, and fur- 
ther studies are needed [67]. 


Epigenetic aspects of male infertility 


The phenotypic characteristics of indivi- 
duals are derived from both genetic composi- 
tion and epigenetic modifications. The term 
epigenetics was originally developed by 
Conrad Waddington in the 1940s to describe 
interactions between genes and the environ- 
ment that could not be explained through clas- 
sic genetics [86]. Since that time, the definition 
of epigenetics has evolved as scientific under- 
standing of the concept has developed. Today, 
the study of epigenetics focuses primarily on 
the two major epigenetic modifications that 
occur in chromatin: DNA methylation and 
posttranslational histone modifications [10]. 
DNA methylation involves the addition of a 
methyl group (—CHs3) to the 5’ position of the 
cytosine pyrimidine ring typically located in a 
CpG dinucleotide. Methylation occurs due to 
activity of the enzyme DNA methyltransferase 
[12,87]. Histones are proteins that package the 
DNA into nucleosomes. Posttranslational his- 
tone modifications include acetylation, methyl- 
ation, ubiquitination, and phosphorylation. 
Acetylation of histones typically correlates 
with transcriptionally active regions, whereas 
hypoacetylation patterns are commonly associ- 
ated with inactivated regions [88]. Patterns of 
epigenetic modification regulate the specific 
genes that are active at various stages of life. 
During development, the epigenetic profile 
of germ cells is dynamic, undergoing an 
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orchestrated sequence of changes as gameto- 
genesis progresses (Table 8.2) [89]. The finely 
tuned epigenetic environment has been found 
to regulate chromatin modifications that are 
required for proper meiosis and appropriate 
maturation of gametes [90]. 

The relationship between epigenetics and 
male infertility is a rapidly growing area of 
study. It is believed that aberrant epigenetic 
modifications may underlie certain cases of 


TABLE 8.2 Epigenetic changes during spermatogenesis. 
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male factor infertility [91]. In oligozoospermic 
men, there appears to be an increased incidence 
of hypermethylation in several maternally 
imprinted gametic differentially methylated 
regions (DMRs) as well as elevated rates of 
hypomethylation of paternally imprinted DMRs 
[92]. Abnormal methylation profiles of the 
insulin-like growth factor 2 gene and the H19 
DMR have been shown to cause abnormalities 
during the mitosis phase of spermatogenesis 


DNA and histone demethylation (specific 


Expression of DNA methyltransferases 


Establishment of paternal methylation 


Histone methylation (via H3K9 and H3K4) 


Stage of 
cellular Stage of 
division spermatogenesis Epigenetic modifications 
Mitosis e Primordial germ 
cells histones involved: H3K4 and H3K9) 
e Imprint erasure 
e Histone deacetylation 
e 
¢ Spermatogonia ¢ Progressive methylation of DNA 
(A and B) e 
Meiosis e Primary . 
spermatocyte 
(meiosis I) 
e Secondary 
spermatocyte 


Postmeiotic ° 
differentiation 


(meiosis II) 


Round spermatid 


Hyperacetylation of histones and global 
remodeling 

Some histone markers (such as H3K9me2) on 
the inactive X chromosome are retained 
Testis-specific linker histone variant HIT2 is 
crucial to chromatin condensation 

Histones replaced by heterogeneous group of 
nuclear proteins known as transition proteins 
Expression of DNA methyltransferase 


e Elongated e Maintenance of DNA methylation 
spermatid e Demethylation of H3K9 
¢ Replacement of transition proteins to 
protamine (mostly P2) 
e Expression of histone-I-like protein 
e Mature e Maintenance of genomic imprinting 
spermatozoa 
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Abnormal DNA methylation 
Altered expression of mRNAs 
and other noncoding RNAs 


Double strand breaks 
Chromosome nondisjunction 
Abnormal histone 
modification 


Abnormal histone 
modification 


Abnormal protamine 
replacement and centrosome 
formation 


DNA fragmentation problems 
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and can result in oligoasthenoteratozoospermia 
or oligozoospermia [93]. These findings are in 
concordance with the results of additional publi- 
cations which demonstrate abnormal methyla- 
tion of the paternal DNA at H19 and GTL2 in 
infertile men. Epigenetic abnormalities of the 
DMRs LIT1, PEG1/MEST, PEG3, SNRPN, and 
ZAC, responsible for encoding a zinc finger pro- 
tein which regulates apoptosis and cell cycle 
arrest, have also been reported in oligozoosper- 
mic patients [4]. Taken as a whole, a wide array 
of disordered epigenetic methylation patterns 
appears to result in diminished sperm quality. 
Consistently, studies evaluating epigenetic 
patterns among men with infertility have 
demonstrated dysfunctional acetylation and 
alterations in methylation when compared to 
normozoospermic controls [94,95]. A compre- 
hensive meta-regression analysis published in 
2017 demonstrated a dramatic 50%—60% decline 
in sperm counts in men in North America, 
Europe, Australia, and New Zealand between 
1973 and 2011. While this downward trend in 
sperm counts has not been fully explained, life- 
style factors and epigenetic changes may play a 
large role in the overall reduction in male fertil- 
ity in recent decades [96]. 

In order to accurately determine the impact 
of epigenetics on male factor infertility, precise 
technologies are essential to test for epigenetic 
mutations. High-resolution technologies are 
beginning to emerge, such as the RNA 
sequencing technique Drop-Seq [17,97]. This 
method allows for single-cell resolution of 
complete transcriptomes through the use of a 
novel microfluidics approach which isolates 
and develops library preparations for individ- 
ual cells at low cost. This kind of technology 
lends itself to countless opportunities from 
both a research and a diagnostic perspective. 
Current scientific research is limited by the fact 
that many modern technologies cannot fully 
test the clinical impact of each epigenetic alter- 
ation. However, the identification of specific 
epigenetic signatures which are highly 
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associated with spermatogenic abnormalities 
has broadened the present understanding of 
epigenetics as a whole and has provided a 
strong foundation for future research [17,98]. 


The roles of environment and lifestyle 
and transgenerational inheritance of 
epigenetic mutations 


The fact that many epigenetic causes of 
infertility are induced by lifestyle factors differ- 
entiates epigenetic abnormalities from genetic 
etiologies of infertility. Studies have demon- 
strated that exposure to environmental toxins, 
stress, and dietary substances early in develop- 
ment may have a significant impact on human 
somatic and reproductive health [99,100]. 
Ongoing exposure to certain aggravating fac- 
tors throughout adulthood is also likely to con- 
tribute to the epigenetic changes which impact 
male fertility. Smoking, stress, level of physical 
activity, diet, alcohol intake, and sleep distur- 
bances such as shift work have been associated 
with male factor infertility and have been 
implicated in epigenetic changes [101,102]. 
Substances with recognized antiandrogenic 
effects such as air pollutants, soil pollutants, 
and plasticizers have been shown to have a 
negative impact on steroidogenesis and testos- 
terone levels, resulting in male factor infertility 
[103]. Phthalates and other endocrine disrup- 
tors are commonly used for industrial pur- 
poses and are virtually unavoidable in 
consumer products. These compounds inter- 
fere with the normal cell cycle, may affect apo- 
ptosis signaling, and alter the epigenetic 
regulation of target cells. All of these mechan- 
isms may serve as explanations for how spe- 
cific substances can ultimately diminish a 
man’s fertility potential [104]. 

It has been demonstrated that epigenetic fac- 
tors may not only result in undesirable conse- 
quences for male fertility and paternal health, 
but may also negatively impact the health of 
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future generations [105]. Exposures that pro- 
voke altered epigenetic programming within 
the paternal germ line have been shown to 
transmit epigenetically altered patterns and 
phenotypes to subsequent generations. These 
alterations can be found in offspring even in 
the absence of ongoing environmental expo- 
sures [105,106]. During germ cell development, 
there are several time periods where high 
degrees of epigenetic programming naturally 
occurs. These time frames represent critical 
windows of sensitivity to environmental fac- 
tors. Exposure to toxins or endocrine disrup- 
tors during these periods can result in lasting 
epigenetic effects for offspring [107,108]. The 
period of gonadal sex determination during 
early testicular development and the time of 
fertilization appear to be two crucial points at 
which epigenetic factors are highly influenced 
by environmental insults [109]. 

There are several examples of environmen- 
tal exposures which may result in epigenetic 
changes that ultimately lead to health ramifica- 
tions in offspring. Paternal exposure to pesti- 
cides may result in nervous system tumors in 
children, cigarette smoking may result in 
increased rates of childhood leukemia, and 
chemicals related to woodwork and wood pro- 
cessing may increase rates of leukemia in chil- 
dren [110—112]. Exposure to ionizing radiation 
may result in increased DNA methylation and 
impaired DNA repair processes, which can 
lead to persistent instability of the male germ 
line and a predisposition to various cancers in 
offspring [113]. There is also some evidence 
that cardiovascular mortality in offspring may 
be related to epigenetic changes in the sperma- 
tozoa, although this effect may take multiple 
generations to manifest itself [114]. 

Paternal diet is another area which has been 
studied as a potential source of epigenetic 
changes. In developed nations, access to high- 
fat diets is frequently associated with obesity. 
In the United States, obesity currently affects 
33.9% of the population greater than 20 years 
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of age and is increasing at an alarming rate 
[16,115]. Aside from the known association 
between obesity and infertility in adult men, 
studies evaluating the impact of paternal obe- 
sity on epigenetics have demonstrated altered 
methylation patterns in offspring. These find- 
ings support the notion that developing sperm 
are susceptible to environmental insults related 
to diet and that obesity-related epigenetic 
abnormalities can be passed on to children 
[16]. Nonhuman animal model studies have 
discovered altered metabolic processing in the 
offspring of obese fathers [116]. In women, 
children born to mothers who underwent gas- 
tric bypass surgery and experienced weight 
reduction prior to pregnancy had markedly 
improved epigenetic profiles of receptor signal- 
ing in insulin, leptin, and glucoregulatory 
pathways compared to their siblings born prior 
to the bariatric surgery and weight loss [117]. 
This suggests that weight loss and dietary 
modification can reverse some of the abnormal 
epigenetic patterns seen in obese patients and 
potentially prevent vertical transmission of epi- 
genetic aberrations. 


Epigenetics and outcomes of assisted 
reproductive technology 


Specific epigenetic aberrations can affect 
early embryonic development and_ success 
rates with ART [118]. It has been previously 
discussed in this chapter that epigenetic 
changes may lead to diminished fertility. 
However, it has been suggested that the use of 
ART can also induce epigenetic changes which 
may impact pregnancy outcomes and_ the 
health of offspring (Fig. 8.1). Studies analyzing 
the methylation status of CpG sites within 
gene promoters of the placenta and umbilical 
cord blood have been compared between chil- 
dren conceived spontaneously and those con- 
ceived through in vitro fertilization (IVF). The 
group of children conceived via IVF appeared 


B. Clinical scenarios 


136 


Abnormal 
parental 
epigenetic profile 


Effects in offspring 


"“=3—- 


Epigenetic modifications | 4 


8. Male factor infertility: genetic and epigenetic aspects 


Assisted reproductive 
technology 


FIGURE 8.1 The relationship between epigenetics and assisted reproductive technology (ART). 


to possess epigenetic alterations in genes 
involved in chronic metabolic disorders such 
as obesity, type II diabetes, and high blood 
pressure [119]. These findings are consistent 
with other studies which have reported an 
increased risk of obesity, changes in blood 
pressure, and increased late infancy growth 
velocity in children conceived via ART [120]. A 
higher prevalence of imprinting disorders such 
as Beckwith—Wiedemann syndrome and 
Angelman syndrome has also been reported in 
children born after ART when compared to 
children born following spontaneous concep- 
tion [14,121—123]. 

Reported mechanisms by which ART results 
in epigenetic disturbances include gamete han- 
dling, embryonic exposure to culture media, 
cryopreservation, and procedures such as ICSI 
and embryo biopsy for purposes of preimplan- 
tation genetic testing [124,125]. Studies which 
proport ART as a cause of epigenetic remodel- 
ing claim that the nonphysiologic processes 
involved in the majority of infertility treat- 
ments lead to changes within the embryo 
which have downstream effects on health. 
Given the extensive gamete manipulation that 


occurs under artificial conditions, it is reason- 
able to hypothesize that ART creates altera- 
tions in the epigenetic profiles of embryos. 
However, it remains unclear whether observed 
epigenetic differences in embryos and off- 
spring are entirely due to the ART procedures 
or to the underlying parental subfertility, 
which may itself be caused by epigenetic modi- 
fications [126]. 

From a paternal perspective, reports have 
suggested that the epigenetic defects that arise 
in embryos achieved via ART protocols are a 
consequence of the use of epigenetically abnor- 
mal sperm. Several authors have suggested 
that DNA methylation changes at imprinted 
loci are inherited from the sperm of men with 
oligozoospermia and do not arise from ART 
interventions [93,127]. Additionally, in a popu- 
lation of men with unexplained infertility, epi- 
genetic alterations (decreased methylation) in 
histone-retained CpG sites impacted numerous 
genes involved in embryonic development. 
These epigenetic differences which originated 
from the sperm were associated with poor 
blastocyst development during IVF cycles 
[128]. Further supporting this idea, a 2017 
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study found that blastocysts derived from cou- 
ples with a diagnosis of male factor infertility 
displayed transcription alterations with enrich- 
ment for genes involved in cancer processes. 
The transcription alterations which were 
observed were believed to be the result of epi- 
genetic dysfunction of paternal origin [129]. 

A cross-sectional study evaluating the issue 
of paternal epigenetic modifications and IVF 
outcomes analyzed urinary phthalate concen- 
trations in men prior to IVF cycles. As men- 
tioned previously, phthalates are endocrine- 
disrupting compounds which are pervasive in 
the environment due to widespread industrial 
and commercial use [130]. A higher degree of 
phthalate exposure was associated with epige- 
netic change, demonstrated by abnormalities 
in sperm DMRs related to genes involved in 
growth and development, cell movement, and 
cytoskeleton structure. Epigenetic changes 
related to phthalate exposures were associated 
with lower quality blastocyst-stage embryos 
following IVF [131]. Importantly, not all stud- 
ies support a direct relationship between male 
epigenetic dysfunction and poorer ART out- 
comes. A 2013 analysis of 119 normospermic 
men and 175 oligozoospermic men evaluated 
the methylation profiles of study participants 
and found that epimutations in the H19 DMR 
and PEG1/MEST DMR were more common in 
oligozoospermic men, but these epimethyla- 
tions did not negatively impact ART outcome 
[132]. Despite conflicting evidence within the 
medical literature, the relationship between 
epigenetics and ART outcomes is an area 
which has a high level of clinical impact, and 
further studies will hopefully shed clarity on 
this topic. 


Implications 
The relationship between male infertility, 


genetics, and epigenetics is a subject of ongo- 
ing research. Numerous genetic and epigenetic 
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factors are known to be involved in proper 
functioning of the male reproductive system, 
and in recent years, there has been a dramatic 
surge in scientific focus related to this area. 
To date, the most common identifiable genetic 
causes of male factor infertility remain 
Klinefelter syndrome and Y chromosome micro- 
deletions of the AZF subregions. Unfortunately, 
a significant percentage of cases of male factor 
infertility remain unexplained. Efforts to identify 
genetic polymorphisms and defects related to 
the X chromosome which potentially underlie 
idiopathic cases of male infertility are under 
way. Men with severe spermatogenic defects 
have been the primary population of interest 
for current research. Going forward, studies 
may uncover more subtle genetic abnormalities 
which contribute to less severe forms of male 
factor infertility. 

Investigations related to epigenetics have 
demonstrated that DNA methylation patterns 
and histone modifications play an important 
role in semen analysis parameters and the 
functional capacity of sperm. Environmental 
exposures and lifestyle appear to have a pro- 
found impact on the epigenetic landscape that 
is closely linked to male fertility. Through 
transgenerational inheritance, alterations in 
epigenetic programming appear to have conse- 
quences for both male fertility and the health 
of offspring. The effect of epigenetics on ART, 
early embryo development, and pregnancy 
outcomes is a controversial topic. As utilization 
of ART increases, it will be important to have a 
clear understanding of how underlying paren- 
tal subfertility or ART interventions relate to 
observed epigenetic changes. 

As technology advances, researchers and 
clinicians will likely have the ability to more 
precisely test for novel genetic and epigenetic 
disturbances which may negatively influence 
fertility. As etiologies that result in male 
infertility become clearer, researchers and 
physicians will hopefully be able to tailor fer- 
tility interventions and provide improved 
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reproductive outcomes for men with a variety 
of genetic or epigenetic abnormalities. Overall, 
it is clear that the role of both genetics and epi- 
genetics is a complex yet vital aspect of male 
reproductive health. 
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Introduction 


Mitochondria are among the more interest- 
ing cellular organelles. They are key regulators 
of several critical cellular processes, such as the 
buffering of cytosolic calcium, apoptosis via 
the mitochondrial permeability transition pore, 
and other signaling pathways [1]. Their main 
role, however, is the generation of energy in 
the form of adenosine triphosphate (ATP) via 
the biochemical reaction of oxidative phos- 
phorylation (OXPHOS) [2,3]. OXPHOS takes 
place in the electron transport chain (ETC), 
which is located in the inner mitochondrial 
membrane [4]. Mitochondria originated from 
bacteria which were endosymbionts in the 
eukaryotic cell [5]. They are unique, compared 
to other cellular organelles, because they con- 
tain one or more copies of their own genome, 
the mitochondrial DNA (mtDNA). 

The human mitochondrial genome is a cir- 
cular double-stranded molecule of 16.6 kb in 
size, encoding for 37 genes [6]. Of these, 13 are 
responsible for the ETC complexes I, III, IV, 
and V subunit construction, and the remaining 
encode for 22 tRNAs and two rRNAs [7]. The 
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genes involved in the construction of the subu- 
nits of all other ETC complexes, and those 
responsible for the rest of the mitochondrial 
transcriptional and translational machinery are 
encoded by the nuclear genome [6,7]. Similar 
to the ETC, the mtDNA is located in the inner 
mitochondrial membrane. The mtDNA’s loca- 
tion, as well as its lack if histones, leave it vul- 
nerable to the deleterious effects of reactive 
oxygen species (ROS), generated during 
OXPHOS, and make it particularly prone to 
mutations [8]. 

The mitochondrial genome consists of dif- 
ferent polymorphic variant combinations, 
which are associated with populations from 
specific regions or continents. The polymorphic 
variants determine an individual’s mitochon- 
drial haplotype [9]. Human mtDNA _hap- 
logroups are classified into several categories, 
each of which has been given a letter of the 
alphabet (A—Z). The origin of the mtDNA hap- 
logroups traces back to the most recent com- 
mon maternal ancestor for all living humans, 
known as Mitochondrial Eve (reviewed in Ref. 
[10]). It is thought that mitochondrial hap- 
logroups may be capable of influencing 
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processes such as spermatogenesis [11], the 
incidence of meiotic chromosome errors during 
oogenesis [12], and predisposition to age- 
associated disorders [1]. 

As mitochondria are the main providers of 
energy in the form of ATP, they can be consid- 
ered to be the powerhouses of the cell. The 
generation of mitochondrial energy is neces- 
sary to support a multitude of cellular pro- 
cesses, including several associated with 
reproduction and embryogenesis. This chapter 
covers different aspects related to mitochon- 
drial genetics during gametogenesis and pre- 
implantation embryo development. 


Mitochondrial inheritance and replication 


Mitochondria and their genome have a non- 
Mendelian pattern of inheritance, and they are 
passed from a mother to her children [13]. The 
inherited mtDNA molecules are genetically 
homogeneous, or homoplasmic. Cases in 
which a subpopulation of the mtDNA mole- 
cules within a cell carry a sequence variation 
that may end up affecting mitochondrial func- 
tion are generally infrequent. The subpopula- 
tion of the variant mtDNA molecules is 
characterized as heteroplasmic. The likelihood 
of clinically significant heteroplasmy being 
present through generations is reduced by a 
mechanism known as the genetic bottleneck 
[14]. The genetic bottleneck regulates mito- 
chondrial segregation during oogenesis, 
through the elimination of most of the egg’s 
mtDNA molecules, with only a small popula- 
tion ultimately being passed to the next genera- 
tion [15]. The result of this regulatory 
mechanism is either the removal of mutated 
mtDNA molecules, or their increase above a 
critical level of heteroplasmy, potentially lead- 
ing to mitochondrial disease. It is thought that 
the genetic bottleneck takes place toward the 
end of oogenesis, and can be influenced by dif- 
ferent mutations [15]. 
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Sperm mitochondria enter the oocyte after fer- 
tilization, but are lost during early embryogene- 
sis through a ubiquitination and autophagy 
process ([16,17]). Elimination of sperm mitochon- 
dria is thought to take place for two different rea- 
sons: to avoid transmission of mtDNA mutations 
acquired due to ROS exposure during spermato- 
genesis, and to protect the embryo from poten- 
tially pathogenic levels of heteroplasmy [17—19]. 
There have been some recent reports of pater- 
nally derived mitochondria persisting in indivi- 
duals of some families [20], however, such cases 
are rare. 

Mitochondrial organelle replication starts 
after implantation [21]. Hence, the early 
embryo is supported energetically by the 
oocyte’s mitochondria. It should be noted that 
the timing of the mitochondrial genome repli- 
cation differs from that of the actual organelle. 
Specifically, during the initial embryonic cleav- 
age divisions, the oocyte provides the newly 
formed blastomeres with its own mitochondria 
and mtDNA [22-24], and this means that the 
amounts of mtDNA remain stable. mtDNA 
replication begins after the embryo has differ- 
entiated into a blastocyst, and it is first 
observed in the trophectoderm (TE) part 
[2,3,25—27], due to the advanced differentia- 
tion state of this tissue, which is destined to 
give rise to the fetal placenta (i.e., pluripotency 
loss). Conversely, the inner cell mass (ICM) 
part needs to maintain pluripotency until later 
in fetal development. Therefore ICM mtDNA 
replication is initiated once cellular tissues of 
different fetal parts are formed [3]. 

mtDNA replication is under strict regulatory 
control by several nuclear-encoded genes, such 
as the transcription factor TFAM which stabi- 
lizes mtDNA, and Peol/SSbp1 which unwinds 
it. Moreover, the role of the polymerase 
POLGA /B is critical for the maintenance of the 
efficiency and fidelity of mtDNA replication 
[28], while the mitochondrial helicase Twinkle 
and the mitochondrial single-stranded binding 
protein are also very important [29,30]. These 
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proteins along with the transcription factors 
TFB1M, TFB2M, the mtRNA polymerase, and 
MTERF!1 constitute the core mtDNA nucleoid 
and ensure the correct transcription, replica- 
tion, and packaging of the mitochondrial 
genome [31]. Mitochondrial biogenesis is regu- 
lated by the nuclear genome also, via the 
AMP-activated kinase, and the transcription 
factors PPARg coactivator-1 a/b (PGC-1) and 
Nrf-1/2 [32]. Each mitochondrion contains 
between 1 and 15 copies of the mtDNA [33], 
whereas each nucleoid is thought to consist 
from 1 to 3 mtDNA molecules [34]. 

The processes of fusion and fission are criti- 
cal for correct mitochondrial function. 
Specifically, mitochondrial replication occurs 
via fission, which leads to the generation of 
new organelles during cell division, ensuring 
in this way that the number of mitochondria in 
the daughter cells remains the same as in the 
mother cell [35]. Additionally, fission facilitates 
the isolation of damaged or dysfunctional 
mitochondria. Autophagosomes target such 
organelles, and deliver them to lysosomes to 
be recycled (mitophagy). The process of fusion 
ensures the correct function of the mitochon- 
dria, and the distribution of mtDNA molecules 
in the entirety of the organelle [36]. It is also 
thought that fusion can rescue damaged mito- 
chondria from undergoing mitophagy [37]. 
Fission and fusion are under the genetic regu- 
lation of the nuclear genome, through several 
factors, including mitofusin 1 and 2, and the 
GTPase dynamin-related protein [38]. 


Mitochondrial diseases 


Studies assessing the rate of nucleotide sub- 
stitutions seen in the mitochondrial genome of 
primate and human somatic tissues observed 
that it was evolving at a much higher rate com- 
pared to the nuclear genome [39—41]. These 
findings suggested that mutations are occur- 
ring much more frequently in the 
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mitochondrial genome. A possible cause for 
the higher mtDNA mutation rate is ROS, due 
to the mtDNA’s proximity to the ETC, in com- 
bination with its lack of histones and limited 
DNA repair capability. These mutations may 
have an effect on the ETC complexes’ function, 
disrupting in this way the bioenergetics and 
leading to the generation of more ROS in a 
feedback loop [42]. mtDNA mutations are also 
caused due to errors taking place during repli- 
cation via the polymerase gamma mechanism. 
It has been proposed that mistakes during rep- 
lication are likely to be leading to mtDNA 
mutations more frequently, compared to those 
due to ROS (reviewed in Ref. [43]). 

mtDNA mutations arising in oocytes are 
inherited, and depending on the number of 
affected molecules, may end up manifesting in 
children in the form of a mitochondrial disease. 
Wallace and colleagues [44] were the first to 
identify inherited mitochondrial diseases. 
Currently over 250 disease-causing mutations 
have been described, including point muta- 
tions and deletions [45]. 

Mitochondrial diseases are associated with 
several clinical symptoms most commonly affect- 
ing organs dependent on the generation of energy 
via OXPHOS, such as the brain, kidneys, heart, 
muscle, liver, and pancreas. The disease severity 
is affected by the type of mutation, and whether 
it is present in heteroplasmic or homoplasmic 
form, whereas their incidence is thought to be 
approximately one in every 200 newborns [46]. 

Mitochondrial diseases are incurable and 
can end up being debilitating or even lethal. 
The Mitochondrial Medicine Society has 
recently come up with some recommendations 
on certain therapies that could help individuals 
affected by mitochondrial disease. Specifically, 
certain supplements such as the reduced form 
CoQ10 (ubiquinol), alpha-lipoic acid, and ribo- 
flavin can be prescribed to mitochondrial dis- 
ease patients. Others, such as L-carnitine or 
folinic acid can also be administered when 
patients are deficient [47]. 
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Research has also focused on identifying 
ways of preventing the transmission of mito- 
chondrial diseases from a carrier woman to her 
children, and several different approaches 
have been proposed. The safest is the use of 
oocyte donation. The issue with this approach 
is that the children conceived will be geneti- 
cally related to the male partner, but not the 
female partner. Routine prenatal diagnosis is 
also feasible, but it is not advisable due to the 
inability to accurately predict the phenotype. 
The use of preimplantation genetic testing 
(PGT) to examine the presence and load of a 
mitochondrial mutation in the embryos gener- 
ated by a carrier of this mutation has also been 
used, especially in cases of heteroplasmic 
mutations [48]. PGT has been clinically 
employed to identify several different mtDNA 
mutations, with blastomere and _ blastocyst 
biopsy both leading to accurate mutation 
detection and load prediction [49—53]. 

Two slightly different strategies have been 
proposed in order to enable carriers of homo- 
plasmic mtDNA mutations or high-load het- 
eroplasmic mtDNA _ mutations — establish 
healthy pregnancies and the birth of unaffected 
children. Both involve transplanting the 
nuclear genome between oocytes before or 
after fertilization [45,54,55]. Transplantation of 
the nuclear genome from an oocyte affected by 
an mtDNA mutation to an enucleated oocyte 
provided by a healthy donor before fertiliza- 
tion has been defined as spindle transfer 
[45,54], while if this process takes place after 
fertilization, it is defined as pronuclear transfer 
[55]. The efficacy and safety of these strategies 
are still under evaluation, although spindle 
transfer has been employed clinically for the 
prevention of Leigh syndrome (caused by a 
heteroplasmic mtDNA 8993T>G _ mutation) 
and led to the birth of a healthy boy [56]. 

A summary of the different types of mito- 
chondrial disease inheritance and associated 
symptoms is shown in Table 9.1. 
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Mitochondria in oocytes 


An oocyte is deemed competent when it is 
able to complete maturation, become normally 
fertilized when it encounters sperm, resume 
and complete the second meiotic division, and 
support the embryo through its first few 
mitotic divisions, until it activates its own 
genome with its stored messenger RNA 
(mRNA) transcripts and proteins. Oocyte com- 
petence is a combination of many factors, 
including a correct chromosome number, as 
well as an adequate number of cytoplasmic 
organelles. The fact that, in their majority, chro- 
mosome errors observed in abnormal pregnan- 
cies and miscarriages arise during oogenesis is 
well known. The close relationship between 
advancing female age and an increase in chro- 
mosome malsegregation is also well estab- 
lished [57,58]. 

Oocyte competence acquisition is achieved 
during its growth in the follicle, and through 
the interaction with its surrounding cumulus 
and granulosa cells, and the follicular fluid 
[59]. The events leading to oocyte competence 
require energy in the form of ATP, which 
means that mitochondria are key influencers 
during this process [60,61]. The morphology of 
the mitochondria in the cytoplasm of a meta- 
phase II oocyte is different compared to those 
found in somatic cells. Specifically, oocyte 
mitochondria are spherical with a 1 1M diame- 
ter, consisting of a few truncated cristae that 
surround a high-electron density matrix [6,62]. 
Despite their relatively immature morphology, 
oocyte mitochondria are functional and active 
in ATP generation through the OXPHOS reac- 
tion. This ATP will in turn provide the energy 
needed to take the embryo from fertilization to 
the blastocyst stage [6,63]. 

The number and distribution of mitochon- 
dria within the oocyte are believed to be critical 
determinants of its competence. It has been 
reported that good-quality oocytes have large 
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TABLE 9.1 The different inheritance types of mitochondrial diseases and associated symptoms. 


Mitochondrial disease inheritance type 


Autosomal recessive: The mutated gene is present in the nuclear 
genome. Both parents must be carriers of the mutated gene to 


transmit the mitochondrial disease to their offspring. There is a 


25% risk for a child to be affected 


Autosomal dominant: The mutated gene is present in the nuclear 


genome. One of the two parents must be a carrier of the 
mutated gene to transmit the mitochondrial disease to their 
offspring. There is a 50% risk of a child being affected 


Mitochondrial: The mutated gene is present in the mitochondrial 


genome and is transmitted exclusively from the mother to her 
offspring. The risk and severity of the mitochondrial disease 
will depend on whether the mutation is present in 
heteroplasmic or homoplasmic form in the maternal 
mitochondria 


De novo: The mutated gene is not present in either of the 
parents. The mutation arises spontaneously in the child 


numbers of evenly distributed mitochondria 
[59]. Considering that there is no mitochondria 
replication during preimplantation develop- 
ment, a large mitochondrial number and an 
even distribution in the oocyte’s cytoplasm 
would ensure that the embryonic blastomeres 
will receive an adequate number of organelles 
[63,64]. Data on the number of mitochondria 
and their genome reported by different studies 
vary considerably. These investigations have 
suggested that a mature metaphase II oocyte 
contains ~ 100,000 mitochondria and between 
50,000 and 550,000 copies of the mitochondrial 
genome [2,23,65]. 

Advancing female age has been shown to 
alter mitochondria and mtDNA copy number 
and morphology in animal and human oocytes. 


Mitochondrial disease symptoms 


Muscular: muscle weakness and pain, decreased 
muscular tone, and movement disorders 


Gastrointestinal: unexplained vomiting, difficulty in 
swallowing, diarrhea or constipation, reflux, and 
cramping 


Neurological: migraines, seizures, strokes, and dementia 
Heart, liver, and/or kidney disease 

Respiratory problems 

Thyroid problems 

Diabetes 

Lactic acidosis 

Vision and/or hearing impairment 

Poor growth 

Autism-like symptoms 

Learning difficulties and mental disabilities 


Increased risk of infection 


Older mice and hamster oocytes have been 
described as having structural differences in 
their mitochondria, compared to the oocytes of 
younger animals [66]. These differences 
included the presence of vacuoles, less well- 
defined cristae, and less electron-dense matri- 
ces in the oocytes of older animals. It should be 
noted that the fertility of the older animals was 
reduced, compared to the younger animals 
[66]. Some studies have also observed a decline 
in the mtDNA copy number of mouse, ham- 
ster, and cow oocytes [66—68], whereas such a 
decrease was not evident in others [69—71]. 
Data obtained during the analysis of human 
oocyte mitochondria and mtDNA copy num- 
ber in relation to female age have also been 
contradictory. Specifically, some research 
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groups have reported that mtDNA quantities 
are closely related to reproductive age, as cal- 
culated by follicle-stimulating hormone mea- 
surements, rather than chronological age [72], 
whereas others observed significant mtDNA 
quantity decreases in the oocytes of older 
women, compared to younger ones [22,73]. A 
significant decrease in oocyte/cumulus cell 
mtDNA quantity has also been observed in 
relation to endometriosis and reduced ovarian 
reserve [2,74]. Combination of the findings 
from these studies suggests that mitochondria 
and/or mtDNA dysfunction will adversely 
affect the competence of oocytes generated by 
reproductively older women. 

Mitochondria are the main energy providers 
during both oocyte meiotic divisions with ATP 
levels increasing during polar body (PB) extru- 
sion [75]. They can be found to aggregate 
around the first and second meiotic spindles, 
and move asymmetrically during extrusion of 
the first and second PBs, to ensure that most 
remain in the oocyte [60]. It is therefore likely 
that inadequate mitochondria numbers or 
defective organelles could be related to chro- 
mosome malsegregation and aneuploidy of 
female meiotic origin. Indeed, data suggest 
that specific mitochondrial haplogroups may 
predispose to the generation of chromosomally 
abnormal oocytes [12]. 

Considering the critical roles that mitochon- 
dria and their genome have during oogenesis, 
and the oocyte’s ability to support the embryo 
during its first few developmental stages, some 
researchers have hypothesized that by supple- 
menting the mitochondrial mass in oocytes of 
poor-prognosis patients, they could improve 
their clinical outcomes after in vitro fertiliza- 
tion (IVF) [76]. Cytoplasmic transfer from 
young donor oocytes to those generated by 
poorer prognosis and, in some cases, reproduc- 
tively older women did indeed lead to 
embryos of better quality and _ increased 
implantation ability and the birth of children 
[77]. Some of these children, however, 
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exhibited higher levels of mitochondrial het- 
eroplasmy, with their cells containing two dis- 
tinct mtDNA haplotypes, one coming from the 
donor, and the other from the recipient oocyte. 
Additionally, some of the children born were 
affected by autism or Turner’s syndrome 
[77,78]. Combination of these findings led to 
the ooplasm transfer procedure being banned 
by the Food and Drug Administration. 

Recently, the use of autologous mitochon- 
dria obtained from oocyte “precursor” cells has 
been proposed as an alternative supplementa- 
tion approach to improve oocyte quality [79]. 
Autologous mitochondrial transfer would 
overcome ethical objections related to using 
genetically distinct mitochondria from an unre- 
lated donor, and also circumvents theoretical 
clinical/biological issues potentially associated 
with heteroplasmy. This approach was the 
basis of a procedure called autologous germ 
line mitochondrial energy transfer, which was 
developed and offered clinically by a company 
called Ovascience. Initial application was asso- 
ciated with encouraging results [80,81], 
although a recently published randomized con- 
trol trial did not demonstrate any actual benefit 
on the clinical outcomes of poorer prognosis 
patients [82]. 


Mitochondria in sperm 


Contrary to oogenesis, which is character- 
ized by an increase in mitochondrial numbers, 
sperm mitochondria and mtDNA go through a 
gradual decrease in quantity as sperm cells 
change shape from being round to elongated, 
during spermiogenesis [83,84]. The mitochon- 
dria that remain after this gradual depletion 
generate the energy required for the sperm 
cells to reach and fertilize the oocyte. Once fer- 
tilization is complete the sperm mitochondria 
are eliminated [85], via the process of ubiquiti- 
nation and autophagy. 


B. Clinical Scenarios 


Mitochondria in embryos 


The reason for the gradual depletion of 
mitochondria and mtDNA during spermato- 
genesis is not clear. mtDNA lacks histones. It is 
therefore vulnerable to damage from ROS, and 
its elimination during spermiogenesis may 
occur to remove molecules carrying mutations 
[86]. Data obtained in studies examining the 
mitochondria and their genome in the male 
gamete suggest that mtDNA copy number and 
integrity could be indicative of sperm quality. 

Wai and colleagues [15] assessed the effect 
that mtDNA copy number has on female and 
male fertility using two mouse models, one of 
which had lost one copy of Tfam, which is a 
critical part of the mitochondrial nucleoid. It 
was evident from their results that a threefold 
reduction of sperm mtDNA copy number is 
well tolerated in males, without affecting fertil- 
ization and live birth rates. They also observed 
that their mutant male mice preferentially 
transmitted the deleted Tfam allele to their off- 
spring. The authors concluded that the 
mtDNA content of sperm cells and that of the 
reproductive tract is more than what is essen- 
tial for male gametogenesis, and loss or dys- 
function due to the presence of mutations 
occurs when the mutated mtDNA molecules 
are over a critical quantity threshold. 

Another more recently published study pro- 
vided evidence for a mechanism which could 
be involved in the gradual reduction of sperm 
mitochondria [87]. This investigation assessed 
the presence and levels of activity of proteins 
related to autophagy in human spermatozoa. It 
identified a total of eight such proteins in the 
sperm samples examined, including LC3, Atg5, 
Atg16, Beclin 1, p62, m-TOR, AMPKa, and 
PINK1. Activation of autophagy led to an 
increase in sperm motility, whereas its inhibi- 
tion was associated with decreases in ATP, 
motility, viability, and intracellular calcium 
concentration. The authors also observed that 
mitochondrial protein expression was altered 
once autophagy was either activated or inhib- 
ited. They therefore concluded that autophagy 
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(mitophagy) is likely to be regulating sperm 
motility and viability, and could also be 
involved in the depletion of mitochondria dur- 
ing male gametogenesis. 

A higher mtDNA copy number and the pres- 
ence of deletions have both been associated 
with abnormal sperm parameters [84,88—91]. 
Wu and colleagues [92] examined the mtDNA 
copy number and the presence of deletions in a 
total of 119 sperm samples obtained by men 
going through IVF procedures in a single infer- 
tility clinic. Their results very clearly showed 
that sperm samples with higher levels of 
mtDNA and/or deletions were associated with 
significantly lower fertilization rates (P= .01 
and P <.01, respectively), and fewer good qual- 
ity day-3 and day-5 embryos (P = .02 for both, 
P=.01 and P = .09). These findings are interest- 
ing as they illustrate the importance of mito- 
chondrial depletion during spermatogenesis, 
and the adverse effect the failure of this process 
has on early embryogenesis. 

Further work is necessary to obtain a better 
understanding of how mitochondria and their 
genome function during male gametogenesis, 
and their possible association with other sperm 
quality parameters, such as DNA fragmentation 
or aneuploidy. It is not possible currently to 
definitively determine sperm competence and 
ability to result in a live birth. The findings in 
some of the studies discussed above suggest that 
mitochondria and their genome may have the 
potential to objectively determine sperm quality. 


Mitochondria in embryos 


Once fertilization is complete, the resulting 
zygote initiates a series of mitotic cleavage divi- 
sions which lead to the formation of small cells 
known as blastomeres. During the first few 
cleavage divisions, the blastomeres are spherical 
and totipotent (genetically identical), with the 
overall size of the developing embryo remaining 
the same. The initial cleavage divisions take 
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place under the control of the oocyte’s stored 
mRNAs and proteins, with a transition to 
embryonic control occurring after embryonic 
genome activation at the four- to eight-cell 
stages [93]. As the embryo progresses through 
preimplantation development, it changes mor- 
phologically first into a morula (individual blas- 
tomeres no longer distinguished) and then into 
a blastocyst. The blastocyst stage is reached 5—6 
days after fertilization and during this stage the 
embryo goes through the first cellular differenti- 
ation into two tissues, an external one known as 
TE, and an internal one known as ICM. Further 
TE differentiation will result in the formation of 
the placenta, whereas the ICM will develop into 
the embryo proper. 

Little or no mitochondria and mtDNA replica- 
tion is observed during the cleavage and morula 
stages of preimplantation development. Instead 
the oocyte’s mitochondria are distributed into 
the newly formed blastomeres. Embryos start 
replicating their own mtDNA at some point after 
blastocyst differentiation, with replication being 
first observed in the TE part [3]. It has been esti- 
mated that each human TE cell contains ~ 150 
mitochondria [94]. mtDNA replication is initi- 
ated later during development in the ICM. 
Mitochondrial organelle numbers are, therefore, 
lower in the ICM than in the TE [3,94]. 

Events taking place during the first few 
stages of preimplantation development such as 
metabolism, protein synthesis, cellular and 
chromosome divisions, and _ differentiation 
require significant amounts of energy. Such 
events are directly dependent on the correct 
function of mitochondria and their genome. 
Various investigations examining embryo cul- 
ture have clearly demonstrated that suboptimal 
or adverse conditions, such as pH or calcium 
fluctuations, or the presence of glucose during 
the first few days of development, have a great 
impact on the metabolism of the embryo and 
the function of the mitochondria [95—98]. 

mtDNA and its quantity during preimplan- 
tation development have been the subjects of 
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many recent investigations. Fragouli et al. [99] 
were the first to assess the quantity of mtDNA 
in cleavage and blastocyst stage embryos in 
relation to factors such as female age, embryo 
ploidy, and viability. It was evident from the 
obtained results that cleavage stage embryos 
generated by reproductively younger women 
(average age: 33.7 years) contained signifi- 
cantly more mtDNA (P=.01) compared to 
those generated by reproductively older 
women (average age: 39.2 years). These find- 
ings agreed with the notion that mtDNA repli- 
cation does not start until the blastocyst stage, 
and suggested that the mtDNA of cleavage 
stage embryos has its origin in the oocyte. On 
the other hand, blastocysts generated by repro- 
ductively younger women (average age 34.8 
years) had significantly lower mtDNA levels 
(P = .003), compared to those generated by 
reproductively older ones (average age: 39.8 
years). These results suggested that an appreci- 
able mtDNA replication amount had already 
taken place by the time that blastocyst differen- 
tiation was complete. A significant increase 
(P=.025) in mtDNA quantity was also 
observed in aneuploid blastocysts versus 
euploid ones. This investigation also reported 
the presence of a relationship between TE 
mtDNA quantity and the implantation ability 
of euploid blastocysts. Specifically, euploid 
blastocysts which failed to implant after trans- 
fer had mtDNA levels in their TE which were 
significantly higher (P = .0066) compared to 
those which led to ongoing pregnancies and 
live births. Thresholds of mtDNA quantity 
were established, above which implantation of 
euploid blastocysts was rarely observed [99]. 
These results were obtained in a blinded ret- 
rospective assessment of 89 embryos, 52.8% of 
which had not implanted after transfer. 
However, the failure rate seen in the subgroup 
of embryos with mtDNA levels above the set 
viability threshold was 100% (14 of 14), and this 
decrease in the ability to implant was indepen- 
dent of female age and embryo morphology 
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[99]. The reduction in embryo viability when 
mtDNA content was scored to be above estab- 
lished thresholds was further confirmed in a 
large blinded retrospective study of 1505 blasto- 
cysts, and a blinded prospective nonselective 
investigation of 199 embryos [100,101]. Data 
from both studies indicated that 5%—9% of all 
chromosomally normal good-quality blastocysts 
have elevated mtDNA levels, and are therefore 
likely to be of lower viability, compared to simi- 
lar embryos with mtDNA levels below estab- 
lished thresholds. Both studies concluded that 
mtDNA quantification could potentially be 
used as an independent biomarker of embryo 
viability [100,101]. 

Several other research groups assessed 
mtDNA quantity in relation to various differ- 
ent parameters, including female age, embryo 
ploidy, morphology, and implantation ability 
[102—107]. Most of these studies agreed that 
chromosome abnormalities and suboptimal 
embryo morphology were associated with an 
increase in blastocyst mtDNA _ quantity 
[99,103—105,107—109]. The relationship 
between mtDNA quantity and embryo implan- 
tation ability proved to be more controversial. 
Of all investigations having taken place to 
date, those of Diez-Juan et al. [104] and 
Spinella et al. [106] agreed with the hypothesis 
that mtDNA quantities above set thresholds 
are associated with embryos of reduced viabil- 
ity, whereas those of Victor et al. [102], Treff 
et al. [107], and Klimczak et al. [105] did not 
observe such a relationship. 

There are various explanations for the dis- 
crepancies seen among different studies. 
Methodological variation could be one of the 
main reasons causing some studies not to 
observe an association between mtDNA quan- 
tity and embryo implantation potential [102]. 
The optimization and validation of mtDNA 
quantification approaches, whether they are 
based in real-time PCR or next-generation 
sequencing, are critical in order for the 
obtained results to be accurate. 
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The discrepancies among published studies 
could also be attributed to an IVF clinic influ- 
ence. The investigation carried out by 
Ravichandran and colleagues [101] was the 
only one to involve the assessment of mtDNA 
quantity in embryos generated in 35 different 
clinics. The obtained data demonstrated that 
certain clinics tended to frequently generate 
blastocysts with elevated (above established 
thresholds) mtDNA levels, whereas others did 
not generate any such embryos. The three stud- 
ies [102,105,107] failing to see an association 
between mtDNA amounts and implantation 
ability examined embryos generated in a single 
IVF clinic. These studies were not able to deter- 
mine “viability” thresholds of mtDNA quan- 
tity. Therefore it was difficult to determine 
whether any of the examined blastocysts fell 
into the “elevated mtDNA” group. 

Blastocyst mtDNA quantities have been 
shown to be influenced by factors related to cer- 
tain patient characteristics. Specifically, a recent 
investigation published by de los Santos and 
colleagues [103] examined the possible effect of 
several patient parameters, such as age, anti- 
Miillerian hormone, and body mass index 
(BMI) on embryo mtDNA quantities. What they 
observed was that an increased BMI was associ- 
ated with a tendency to generate blastocysts 
with more mtDNA. It was also evident that an 
increase in serum progesterone was associated 
with a tendency to generate embryos with lower 
mtDNA quantities. These findings suggest that 
there could be several underlying reasons for 
the variable levels of mtDNA observed in blas- 
tocysts, and functional studies would be neces- 
sary in order to obtain a better understanding of 
this biological phenomenon. 

One possibility is that embryos with elevated 
mtDNA levels carry functionally deficient mito- 
chondria, unable to support their energetic 
requirements. An increase in the number of 
mitochondria could take place as a compensa- 
tory mechanism, but the newly formed orga- 
nelles are also bound to be defective and 
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TABLE 9.2 Published studies assessing embryo mtDNA quantities in relation to different clinical parameters. 


mtDNA 
No. of association 
embryos with female 
Study (reference) included age? 
Fragouli et al. [99] 340 Yes 
Diez-Juan et al. [104] 65 No 
Victor et al. [102] 1396 No 
Treff et al. [107] 374 No 
Ravichandran et al. [101] 1505 Yes 
Fragouli et al. [100] 199 Yes 
Tao et al. [109] 171/ Yes 
mouse 
Ho et al. [108] 57 Not examined 
Klimczak et al. [105] 1510 No 
de los Santos et al. [103] 1641 No 


incapable of correcting a possible ATP deficit, 
hence these embryos do not survive long term. 
Such increases in mitochondrial numbers have 
been shown to occur due to the presence of 
mutations in the mitochondrial genome [110]. 
Another possibility is that blastocysts with 
unusually high mtDNA quantities are experienc- 
ing some sort of stress, and as a response they 
have a more active metabolism, compared to 
normally developing embryos. A more active 
metabolism and its association with poorer via- 
bility have been described in the quiet embryo 
hypothesis which postulates that embryos with a 
quiet (i.e., less active) metabolism are more via- 
ble than those displaying elevated metabolic 
activity [97]. An increasingly active metabolism 
would require higher ATP levels to be generated, 
and therefore an increase in mitochondria num- 
bers which could be reflected as a net gain in 
mtDNA. It should be noted that increasing ATP 
levels have been correlated with embryonic 
arrest in a mouse model [111]. 


mtDNA 


association with 


embryo 
aneuploidy? 


Yes 
Not examined 
No 
Not examined 
Not examined 
Not examined 


Yes 


Yes 
Not examined 


Yes 


mtDNA 


association with 


embryo 
morphology? 


Not examined 
Yes 
Not examined 
Yes 
No 


Not examined 


Not examined 


Yes 
Yes 
Yes 


mtDNA association 
with embryo 
implantation 
potential? 


Yes 


Yes 


Not examined 


Not examined 
No 


Not examined 


Questions remain about the clinical value of 
mtDNA quantification. These questions can 
only be answered via well designed and appro- 
priately carried out multicenter randomized 
control trials (RCTs). It is imperative, however, 
that any such RCTs employ well-validated tech- 
nologies, in order to achieve accurate and mean- 
ingful mtDNA quantification. 

All studies assessing embryo mtDNA quan- 
tities in relation to different clinical parameters 
are outlined in Table 9.2. 


Conclusion 


To summarize, the role of the mitochondria 
and their genome is critical during oogenesis, 
spermatogenesis, and early embryo develop- 
ment. Specifically, oocytes with reduced 
mtDNA levels and/or defective mitochondria 
are likely to be compromised and unable to ade- 
quately support the energy requirements of the 


B. Clinical Scenarios 


References 


developing embryo. Moreover, the gradual 
depletion of mitochondria is critical during sper- 
matogenesis. At the blastocyst stage, thresholds 
or scores of mtDNA content have been estab- 
lished, above which implantation of a euploid 
embryo is extremely low. It is possible that ele- 
vated mtDNA amounts may be characteristic of 
embryos under some form of stress, although 
functional studies are needed to determine 
the factors leading to the increase in mtDNA 
levels. Data from published studies suggest 
that approximately 5%—10% of all blastocysts 
assessed tend to have elevated mtDNA levels, 
but these may represent approximately one-third 
of the nonimplanting embryos. It is therefore 
possible that the measurement of mtDNA quan- 
tities may give an indication of oocyte, sperm, 
and embryo quality and viability, although these 
findings need to be further confirmed in addi- 
tional investigations, as well as in RCT settings. 
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Introduction 


It can be reasonably stated that the first 40 
years of in vitro fertilization (IVF) represented 
the golden age of embryo research. During this 
period, remarkable insights into early human 
development, the requirements of the preim- 
plantation embryo, and markers of viability 
were gained. However, with embryo culture 
and selection technologies now reaching an 
advanced level of maturity, there is growing 
interest in the endometrial factor as the next 
frontier in the search to improve the manage- 
ment of subfertility and treatment outcomes. 
Given the relatively ready access that endome- 
trial tissue affords to investigators, it is 
notable that our ability to interrogate endome- 
trial function remains so limited, especially 
when compared with the large and still grow- 
ing portfolio of techniques available to analyze 
embryo viability. 

A number of reasons for the endometrium 
remaining the “Cinderella” of fertility research 
can be proposed. These include the prevailing 
view that the embryo is the dominant determi- 
nant of successful implantation, its exquisite 
sensitivity to its preimplantation environment 
and the commercial returns to be had from 
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investing in developing culture media, incubator 
systems, and tests of quality. 

However, another reason may lie in the lan- 
guage we use to describe endometrial function. 
The very term “receptivity” may be in part to 
blame. It implies a passivity of role, that is, 
further amplified by terms such as “embryo 
attachment” and “invasion,” and belies the 
now emerging complex and active roles that 
the endometrium fulfills as a key and poten- 
tially modulatable determinant of successful 
human implantation. These new insights are 
encouraging the development of novel means 
of assessing endometrial function well beyond 
the limited concept of receptivity. 

In this chapter, the contributions that geno- 
mics and transcriptomics have made to our 
understanding of the endometrial factor in 
implantation and its assessment are reviewed 
from a clinical perspective. 


Genetic markers of endometrial function 
The human endometrium is one of the most 
dynamic tissues in the body. Driven by 


ovarian estrogen and progesterone, it under- 
goes repeated cyclic growth, differentiation, 
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desquamation, and regeneration [1]. Although 
the endometrium is nonreceptive to embryos 
for most of the menstrual cycle, it becomes 
receptive during a spatially and temporally 
restricted period in the secretory phase known 
as the “window of implantation” [2]. Gaining 
insight into the complex mechanisms control- 
ling changes within the endometrium is crucial 
to understanding implantation. 

From the first histologic dating methods [3] 
to the now established “omics” technologies, 
extensive efforts have been applied to under- 
standing and characterizing receptive endome- 
trium. Pioneering studies suggested that the 
application of high-throughput “omics” tech- 
nologies held the key to endometrial biomarker 
research [4—8] and the following years 
witnessed an explosive growth in the number 
of “omics” studies involving the human 
endometrium. 

Early studies investigated the specific pat- 
terns of gene expression that appeared to char- 
acterize the mid secretory phase. However, 
little consensus emerged, as the studies were 
small, employed different platforms, and often 
lacked controls. Further challenges arose from 
the examination of multicellular tissue and 
their inherent associated variation, and the bio- 
logical differences between different subjects 
[9-12]. However, it became clear that gene 
array research was identifying the modulation 
of gene expression of proteins involved in the 
cell cycle, proliferation, and differentiation 
[9-11] of cytokines, chemokines and growth 
factors, and immune mediators [9,13], and 
attention increasingly turned to describing the 
dynamics of gene expression in the peri- 
implantation phase of the menstrual cycle. 

The concept of the window of implantation 
that originated from studies of laboratory ani- 
mals gained more credence as a feature of 
human reproduction with the classic studies of 
Wilcox et al. relating implantation outcome 
with its timing in relation to ovulation [14]. 
However, for many years the only means of 
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assessing this was by histological examination 
of timed endometrial biopsies, and application 
of the “Noyes” criteria for dating endometrial 
maturation [3]. In the absence of any objective 
means of assessing endometrial receptivity, 
Noyes criteria became widely used, and the 
concept of endometrial dysfunction being 
rooted in the degree of secretory advancement 
gained currency. The emergence of genomics 
finally offered a more objective means of 
assessing endometrial maturity. Initially, 
Horcajadas et al. [15] defined a list of 25 target 
genes that were postulated to mark the implan- 
tation window. These included leukemia inhib- 
itory factor, hyaluronan-binding protein 2, 
calpain, tissue factor pathway inhibitor 2, pla- 
cental protein 14, and folate receptor. 
Subsequently, Diaz-Gimeno et al. identified a 
set of 238 genes that are differentially 
expressed in the transition from the prerecep- 
tive to the receptive state [8]. This finding 
paved the way to the creation of a diagnostic 
tool named the endometrial receptivity array 
(ERA). The accuracy and consistency of this 
molecular test for defining endometrial cycle 
phases appeared to be superior to classical his- 
tology methods [15,16]. The clinical potential of 
the ERA for detecting the personalized win- 
dow of implantation in patients and thus guid- 
ing their personalized embryo transfer as a 
novel therapeutic strategy has been reported 
[16]. However, like the original Noyes criteria 
for the histological assessment of endometrial 
tissue which were originally designed only to 
enable the number of days of endometrial 
exposure to progesterone to be assessed [3], the 
ERA test is widely considered to represent a 
measure of endometrial receptivity in general. 
It can be argued that endometrial receptivity is 
determined by more factors than simply an 
appropriate maturation response to progester- 
one [17]. Moreover, the widespread and effec- 
tive practice of transferring day 2 human 
embryos into the uterus, in the knowledge that 
they can “wait” for the endometrium to 
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become receptive suggests a level of embryo 
tolerance of the nonreceptive endometrium. It 
can therefore be argued therefore that encoun- 
tering perfectly synchronized endometrium is 
not mandatory for successful embryo implan- 
tation. However, it is likely that suboptimal 
embryo endometrial synchrony is a significant 
contributor to implantation failure in some 
women and merits investigation in certain clin- 
ical contexts. A recently completed large ran- 
domized clinical trial will help clarify the 
reliability and clinical value of ERA as a tool 
for synchronizing the timing of embryo trans- 
fer to endometrial maturity. 

While asynchrony may be the cause in some 
[18], implantation failure may also arise as a 
result of other causes. The concept that tran- 
scriptomic profiles of the endometrium can be 
employed not just to assess maturity, but con- 
stitutive disorders of endometrial function is 
supported by studies that have shown other 
factors to impact on endometrial gene tran- 
scription. The presence of gynecological 
pathologies such as endometriosis or long-term 
presence of intrauterine contraceptive devices 
has been shown to be disruptive [19,20]. In 
recent years, a number of studies have 
appeared comparing transcriptomic profiles in 
endometrium from fertile women with those 
from women with a history of otherwise unex- 
plained recurrent implantation failure (RIF) 
[21,22]. However, most of these studies have 
not been subjected to validation on an indepen- 
dent cohort. More recently, our group pub- 
lished a study that sought to address some of 
the methodological limitations of previous 
reports. The study design and approach 
adopted illustrate some of the issues that 
require consideration when investigating tran- 
scriptomic signatures in the endometrium for 
clinical purposes, and is therefore described 
here in some detail. 

The aim of this study [22] was to determine 
whether an endometrial transcriptomic signa- 
ture could be found in women with a history 
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of RIF. In order to define a cohort of women in 
whom the presence of a significant endometrial 
factor underlying implantation failure was 
likely to be present, ovulatory women who had 
experienced RIF after undergoing three or 
more embryo transfer procedures or transfer of 
10 or more high-quality embryos, despite a 
good ovarian response and in the absence of 
uterine pathology were identified. A control 
cohort included women who had readily con- 
ceived after intracytoplasmic sperm injection 
for male-factor fertility. RIF patients were 
screened for relevant inherited and acquired 
thrombophilias and abnormalities in glycosy- 
lated hemoglobin and _ thyroid-stimulating 
hormone levels, and those demonstrating 
abnormal results were excluded. 

In this study, 43 patients with RIF and 72 
control subjects were recruited, and each 
underwent an endometrial biopsy 7 days after 
an luteinizing hormone (LH) surge in their nat- 
ural cycle. To identify a gene signature for RIF, 
a randomly selected subset of samples was cre- 
ated whereby the ratio of RIF patients to con- 
trol subjects was kept similar to the full 
complement of samples. The remaining sam- 
ples were assigned to the validation set in the 
same ratio of RIF patients to control subjects. 
Signature discovery consisted of 100 rounds of 
randomly selecting a training subset from the 
signature discovery set, which was_ subse- 
quently used to rank genes based on their 
potential to differentiate RIF patients from con- 
trol subjects. Samples were randomly assigned 
into a signature discovery set (1 = 81) and an 
independent validation set (1 =34), keeping 
the ratio of RIF patients to control subjects sim- 
ilar. Iterative rounds of cross-validation were 
applied within the signature discovery set to 
find genes capable of distinguishing RIF 
patients from control subjects, because this 
reduces the risk of overfitting in the signature 
discovery set. Each iteration results in a sepa- 
rate gene set, and all genes were ranked 
according to how frequently they were present 
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TABLE 10.1 The accuracy of recurrent implantation 
failure (RIF) prediction with the use of a 303-gene 
classifier. 


Metric Signature discovery Validation 
NPV 94.0 (83.8—97.9) 81.5 (63.3—91.8) 
PPV 90.3 (75.1—96.7) 100 (64.6—100) 
Sensitivity 90.3 (75.1—96.7) 58.3 (32.0—80.7) 
Specificity 94.0 (83.8—97.9) 100 (85.1—100) 


Overall accuracy 92.6 (84.8—96.6) 85.3 (69.9—93.6) 


P value 3.83 x 10°15 


Notes: Values are presented as % (95% confidence interval). 
Sensitivity and specificity of P were calculated with the use of a 
Fisher exact test (two-sided). NPV, Negative predictive value; PPV, 
positive predictive value. 

Source: Reproduced with permission from Koot Y, van Hooff S, Boomsma 
C, van Leenen D, Groot Koerkamp M, Goddijn M, et al. An endometrial 
gene expression signature accurately predicts recurrent implantation 
failure after IVF. Sci Rep 2016;22:19411. 


in the separate gene sets. Selecting all genes 
with a frequency of =5% resulted in a 303- 
gene signature. To validate the gene signature, 
a Classifier was built with the use of the full 
signature discovery set as input and the profile 
used to predict the class of the samples in the 
validation set, which, to ensure an independent 
validation, had not been used in any of the pre- 
vious steps. 

The positive predictive value (PPV) of the 
RIF prediction classifier was 90% with a sensi- 
tivity of 90% (Table 10.1). Most importantly, 
application to the independent validation set 
confirmed the signature’s ability to distinguish 
RIF patients from control subjects (Fig. 10.1). 
All samples classified as RIF were indeed RIF 
patients (PPV 100%) with a sensitivity of 58%. 

Besides classification of patients, an addi- 
tional benefit of gene expression analyses is the 
potential to shed light on factors underlying a 
particular condition. A striking characteristic 
of the RIF signature genes is that there are 
many more genes with decreased expression 
(Fig. 10.2). This is consistent with an earlier 
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study of RIF [23] that also reported enrichment 
for cell cycle-associated gene function within 
the set of downregulated genes. Gene ontology 
(GO) analysis revealed the various cellular pro- 
cesses and structures differentially affected in 
RIF patients versus controls. Most striking was 
the downregulation in RIF patients of genes 
involved in cell cycle regulation and cell divi- 
sion, indicative of a reduced rate of cellular 
proliferation. The RIF endometrium transcrip- 
tome also shows reduced expression of genes 
involved in cytoskeleton and cilia formation. 
The latter is of interest given the presence of 
ciliated cells during the implantation window 
in healthy women [24]. The number of 
enriched GO categories with increased expres- 
sion was limited, but they were related to pro- 
cesses involved in extracellular organization 
and cell motility. Another feature of the RIF 
signature was the high proportion of transcrip- 
tion factors. The signature gene included estab- 
lished transcription factors such as_ the 
forkhead transcription factor FOXK2, family 
members of which have previously been impli- 
cated in ovary development and function 
[25,26]. 


Beyond endometrial receptivity 


As stated in the introduction to this chapter, 
the term “endometrial receptivity” implies a 
passivity of function in implantation that 
recent discoveries have come to challenge. For 
many years, it has been understood that decid- 
ualization of the endometrium in the midluteal 
phase is necessary to ensure both receptivity to 
the implanting embryo and a supportive and 
nourishing environment after breach of the epi- 
thelium before the establishment of the early 
placenta. Recently, however, additional func- 
tions have been ascribed to the decidualized 
stromal compartment of the endometrium 
indicating that the decidua has a key role in 
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directing the maternal response to the implanting 
embryo. 

The need for such biosensor function 
becomes clear when one considers the chal- 
lenge that the implanting embryo presents to 
the prospective mother. In contrast to other 
species, human embryos are characterized by 
their high rate of chromosomal abnormalities. 
Most of these will fail to establish an ongoing 
pregnancy, despite being invasive enough to 
initiate implantation. Although this may in 
part reflect incompetency, it has become evi- 
dent that there is also an active maternal 
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FIGURE 10.1 Support — vector 
machine (SVM) classifier results on the 
(A) signature discovery and (B) valida- 
tion sets of a 303-gene recurrent implan- 
tation failure (RIF) signature. (A) SVM 
classifier scores for the signature discov- 
ery set (RIF patients, red; control sub- 
jects, blue). Samples with a score of <0.5 
are predicted to be control subjects, and 
those with a score of =0.5 are predicted 
to be RIF patients (the threshold is 
shown as a dotted line). (B) All samples 
from the validation set, scored based on 
the SVM classifier. (C) Receiver operat- 
ing characteristic curves for the results 
shown in (A) (blue line) and (B) (green 
line). Areas under the receiver operating 
characteristic curve (AUC) with 95% 
confidence intervals are shown next to 
the curves. Source: Reproduced with per- 
mission from Koot Y, van Hooff S, 
Boomsma C, van Leenen D, Groot 
Koerkamp M, Goddijn M, et al. An endome- 
trial gene expression signature accurately 
predicts recurrent implantation failure after 
IVF. Sci Rep 2016;22:19411. 


strategy to prevent investment in these inva- 
sive but poorly viable embryos [27]. 

If decidualization is suboptimal, then the 
biosensor function may be disrupted too. The 
consequence of this could be that rather than 
allowing early rejection of poor-quality 
embryos before the mother becomes aware that 
she may have conceived, the endometrium 
would allow poorly viable embryos to establish 
a clinical pregnancy, ultimately destined to fail, 
and present as a clinical miscarriage. 
Persistently impaired endometrial selectivity 
would result in recurrent early pregnancy loss in 
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FIGURE 10.2 Gene expression of recurrent implantation failure (RIF) patients compared with control subjects (log, 
fold change or M value) and the average expression across all samples (logs sample intensity). (A—C) Each focus on an 
example of a gene ontology (GO) term which was found to be significant in gene set enrichment analysis. Genes in the GO 
term that are upregulated in RIF patients are shown in yellow, downregulated in blue. Shown in red are other genes that 
are part of the 303-gene signature. Genes that are not part of the GO term are shown as a blue density map, where darker 
blue indicates higher gene density. (D) All of the genes of the gene signature. Source: Reproduced with permission from Koot 
Y, van Hooff S, Boomsma C, van Leenen D, Groot Koerkamp M, Goddijn M, et al. An endometrial gene expression signature accu- 
rately predicts recurrent implantation failure after IVF. Sci Rep 2016;22:19411. 


conjunction with paradoxic “superfertility.” 
Conversely, an excessive decidual response 
would allow receptivity to dominate, reducing 
the incidence of miscarriage but increasing the 
likelihood of implantation delay or RIF after 
IVF (Fig. 10.3) [27]. Work by the Brosens group 
points to a possible plausible mechanism by 
which endometrial injury might increase stem 
cell numbers in the endometrium and encour- 
age the removal of excessive senescent cells by 
stimulating natural killer cell activity [28]. 


Moreover, the differential constitutive disrup- 
tion of endometrial gene expression in RIF and 
recurrent miscarriage has recently been dem- 
onstrated [29]. 

Evidence supporting the concept of active 
embryo selection at implantation in the human 
comes from a series of in vitro and in vivo 
studies which showed the response of the 
human endometrial stromal cells to be more 
profound in the presence of a developmentally 
incompetent than a competent human embryo. 
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FIGURE 10.3 Schematic representation of the possible 
clinical consequences of dysbalance between the selective 
and receptive functions of the decidualized endometrium. 
Whereas excessive receptivity and poor selectivity may 
result in inappropriate implantation of poorly viable 
embryos, which may present as recurrent early pregnancy 
loss, poor-receptivity couples with excessive selectivity 
may present as recurrent implantation failure (RIF). Source: 
Reproduced with permission from Macklon NS, Brosens JJ, The 
human endometrium as a sensor of embryo quality. Biol Reprod 
2014;92:98. 


The pervasive embryo-centric paradigm pre- 
dicts that developmentally competent embryos 
would signal their viability to the decidualized 
stromal cells, which would respond by upregu- 
lating production of proimplantation modula- 
tors. However, these studies demonstrated the 
reverse: embryos that showed morphological 
signs of developmental impairment elicited a 
strong response in decidualizing cells, charac- 
terized by selective inhibition of IL-18, -6, -10, 
-17, -18, eotaxin (CCL11), and heparin-binding 
epidermal growth factor-like growth factor 
secretion. This apparent biosensor function 
was part of the decidual phenotype as human 
embryos did not trigger a response when 
cocultured with undifferentiated endometrial 
stromal cells [30]. 

The mechanisms underlying this novel con- 
cept of human embryo selectivity are begin- 
ning to emerge, and again transcriptomic 
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studies have been key. In a study in which 
decidualizing cells were exposed for 12 hours 
to pooled medium conditioned from human 
embryos deemed insufficient for uterine trans- 
fer and high-quality embryos that resulted in 
an ongoing pregnancy after single embryo 
transfer, genome-wide expression profiling 
uncovered only 15 decidual genes responsive 
to soluble signals from competent human 
embryos [31]. In contrast, and consistent with 
the previously observed cytokine response 
[30], 449 maternal genes were deregulated in 
response to medium conditioned by poor- 
quality embryos. GO studies showed half of 
these genes to be associated with the broad bio- 
logical process of transport, translation, and 
cell cycle regulation (Fig. 10.4) [31]. 

The most downregulated gene in the array 
analysis of exposed decidualized stromal cells 
was HSPA8, which encodes a protein involved 
in protein assembly and _ folding [32]. 
Knockdown of HSPAS& in decidualizing cells 
has shown it to be a pivotal sensor molecule 
for embryonic signals by which soluble signals 
from developmentally impaired human 
embryos induce a proteotoxic stress response 
in decidualizing cells. 

In vivo studies in which human embryo 
conditioned medium was injected into mouse 
uteri confirmed these findings, but also dem- 
onstrated a component consistent with the 
established paradigm of a competent embryo 
evoking a supportive intrauterine environ- 
ment. A dual-phase response of the endome- 
trium can therefore be proposed consisting of 
“recognition” and “selection.” The ability of 
the luminal epithelium to “recognize” a high- 
quality embryo and modulate the decidual 
response it encounters on breaching the epithe- 
lium would aid subsequent nurturing and 
development in the postimplantation phase. 

Once the embryo has successfully breached 
the luminal epithelium, it is thought to con- 
tinue its journey into the endometrial stroma 
as the active party, “invading” through what 
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FIGURE 10.4 Venn diagram presenting the num- 
ber of maternal genes significantly (P< .01) altered 
24h after exposure of mouse uterus to uncondi- 
tioned embryo culture medium or medium condi- 
tioned by either developmentally competent or 
impaired human embryos (DCE and DIE, respec- 
tively). Source: Reproduced with permission from 
Brosens JJ, Salker MS, Teklenburg G, Nautiyal J, Salter 
S, Lucas ES, et al. Uterine selection of human embryos at 
implantation. Sci Rep 2014;6:3894. 
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has been considered a mechanically passive 
decidual matrix. However, recent studies indi- 
cate that active decidual cell migration and 
encapsulation of the conceptus are integral 
steps in the implantation process, and stromal 
cells move around the embryo to accommodate 
its expansion [33]. 

Further confirmation for this comes from 
imaging studies, which revealed that decidua- 
lizing endometrial stromal cells are pro- 
grammed to migrate toward implantation- 
competent blastocysts (Fig. 10.5) [34]. This 
chemotactic and invasive migration of endo- 
metrial stromal cells is triggered by signals 
emanating from the trophoblast, especially 
platelet-derived growth factor-AA [35]. 


Time-lapse coculture studies showed that 
the propensity of decidual cells to migrate 
toward a conceptus was confined to high- 
quality human embryos and entirely inhibited 
in the presence of chromosomally abnormal tri- 
pronuclear embryos [34]. Taken together, these 
data indicate that decidual cells have the 
capacity to actively hinder invasion and out- 
growth of abnormal human embryos that have 
breached the luminal epithelium. 

A predictable consequence of a reduced 
ability to recognize embryonic signals would 
be increased frequency of implantation of 
impaired embryos that embark on a develop- 
mental trajectory destined to fail as a clinical 
miscarriage. If this supposition were correct, 
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FIGURE 10.5  Inan in vitro model, human decidualized 
stromal cells actively migrate to embrace the preimplanta- 
tion blastocyst. Source: Adapted from Weimar CH, Kavelaars 
A, Brosens JJ, Gellersen B, de Vreeden-Elbertse JM, et al. 
Endometrial stromal cells of women with recurrent miscarriage 
fail to discriminate between high- and low-quality human 
embryos. PLoS One 2012;7:e41424. 


persistently impaired endometrial selectivity 
would result in recurrent early pregnancy loss 
in conjunction with paradoxical “superferti- 
lity.” This hypothesis is supported by two 
studies of the time-to-pregnancy intervals in 
women presenting with recurrent miscarriages 
[36,37]. In both studies, around 40% of women 
with recurrent pregnancy loss could be consid- 
ered “superfertile’ when defined by a mean 
time to pregnancy of 3 months or less. 
Prolonged endometrial receptivity rather 
than impaired selectivity could also shorten 
the interpregnancy interval as well as the mis- 
carriage rate by promoting out-of-phase 
implantation and again, clinical observations 
support this notion. In a study of the impact of 
timing of implantation following spontaneous 
conception on outcomes, 84% of conceptions 
were detected between 8 and 10 days after 
ovulation. Among the 102 pregnancies identi- 
fied on day 9 after ovulation, 13% ended in an 
early pregnancy loss. This proportion rose to 
26% with implantation on day 10, to 52% on 
day 11, and to 82% on day 12 and beyond [14]. 
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Taken together, these clinical observations 
indicate that unrestrained endometrial recep- 
tivity and lack of embryo selection both con- 
tribute to subsequent pregnancy failure. This 
concept has been further supported by in vitro 
time-lapse assays in which the suppression of 
stromal cell migration observed in the presence 
of a developmentally incompetent embryo did 
not occur when the decidual cells had been 
obtained from women with recurrent miscar- 
riage [34]. 

Emerging evidence indicates that an aber- 
rant decidual response both prolongs the 
receptivity phenotype of the endometrium and 
impairs the ability of the endometrium to 
engage in embryo quality control. 


Micro-RNAs as markers of endometrial 
function 


Micro-RNAs (miRNAs) are small nonprotein- 
coding RNAs that function as posttranscrip- 
tional regulators of target mRNAs. Their 
effect is usually to silence the gene in ques- 
tion. These miRNAs are short, an average of 
22 nucleotides long, and each one may 
repress 100 or more mRNAs, making them 
important for genetic regulation in many cell 
types [38]. 

A number of roles have been postulated for 
miRNAs in the endometrium. One role appears 
to be downregulating the expression of some 
cell cycle genes in the secretory-phase endo- 
metrial epithelium, thereby suppressing cell 
proliferation [39]. Another of the miRNAs, 
hsa-miR-222, has been shown to make stromal 
cells withdraw from the cell cycle, thus possi- 
bly influencing the differentiation process 
[40]. It has also been proposed that miRNA is 
responsible for the progesterone resistance 
seen in endometriosis [41]. 

Several miRNAs appear to be regulated by 
estrogen and progesterone in the endome- 
trium. These in turn regulate estrogen receptor 
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and progesterone receptors as well as paracrine 
factors, thereby being an important develop- 
ment toward receptivity [42]. 

miRNAs are emerging as potential biomar- 
kers for human endometrial receptivity. Using 
a deep sequencing approach, miRNA expres- 
sion profiles have been compared between a 
prereceptive (LH + 2) and a receptive (LH + 7) 
state in both natural and stimulated cycles [43]. 
In natural cycles, they found eight upregulated 
miRNAs and 12 downregulated miRNAs in 
LH+7 compared to LH+2. Bioinformatic 
analysis has revealed that these miRNAs target 
a set of genes that are characteristically 
expressed during the window of implantation. 
Four miRNAs have been identified that are 
specifically regulated in receptive endome- 
trium at the time of implantation [44]. Another 
study has implicated miR-30d as a key miRNA 
regulating endometrial function, demonstrat- 
ing that it is downregulated in decidualized 
stromal cells versus nondecidualized cells [40], 
and more recently that it is overexpressed dur- 
ing the window of implantation. 

Extracellular miRNAs can be transported by 
both high- and low-density lipoproteins or 
bound to other proteins. However, recently it 
has been demonstrated that they may also be 
delivered in extracellular vesicles (EVs), which 
protect them from degradation and contribute 
to their stability within fluids [45]. EVs ranging 
in size from just 50 to 5000 nm in diameter can 
transport a wide range of selectively packaged 
components. 

Recent research has focused on elucidating 
the role of maternally derived miRNAs loaded 
into exosomes in implantation. A novel cell-to- 
cell communication mechanism involving 
delivery of endometrial miRNAs from the 
maternal endometrium to preimplantation 
embryo trophectoderm cells has been 
described [46]. Vilella et al. observed that both 
EV-associated and free miR-30d could be 
observed in B6C3-derived mouse embryos, 
resulting in the overexpression of genes 


10. Endometrial receptivity and genetics 


involved in adhesion processes, including 
Itga7 and Cdh5 [46]. Moreover, it was shown 
that supplementation of murine embryos with 
miR-30d significantly improved embryo adhe- 
sion, suggesting that external miRNAs may 
play a functional role as transcriptomic modi- 
fiers in preimplantation embryos. Profiling 
miRNA expression in endometrial fluid has 
revealed that maternally derived miRNAs are 
present in EVs in the uterine microenviron- 
ment. While the mechanism(s) by which 
embryos take external miRNAs in remain 
unknown, the implications of this discovery 
are profound as it provides a mechanism by 
which the mother can program embryo devel- 
opment prior to its implantation. Moreover, it 
points to a deficiency in in vitro culture media 
that may underlie observed developmental dif- 
ferences between IVF and in vivo conceived 
offspring. 


Conclusions and clinical implications 


The introduction of molecular genetic analy- 
sis into the interrogation of endometrial func- 
tion can be viewed as the first step in a 
revolution in clinical endometrial assessment. 
Prior to this, scrutiny of the endometrium has 
been limited to histological examination and 
ultrasound visualization, neither of which have 
provided the information required by clini- 
cians to guide treatment or counseling. The 
knowledge gap that has grown between the 
embryo and the endometrium as determinants 
of successful implantation is beginning to be 
reduced, and with this comes the promise of 
novel therapeutic interventions that target spe- 
cific endometrial causes of implantation 
failure. 

Key to this revolution will be the realization 
that the endometrium is more than just “recep- 
tive.” The reasons for which an embryo fails to 
implant once placed in the uterine cavity are 
many, and can intervene at any stage between 
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arriving in the endometrial cavity and estab- 
lishing pregnancy. It is clear that a new 
approach to diagnosing the endometrium is 
required if women are to benefit from person- 
alized, effective treatments rather than the 
empirical therapies currently on offer [47]. 
Alongside transcriptomic analysis, the other 
“omics,” including proteomic analysis of endo- 
metrial secretions, examination of the micro- 
biome using next-generation sequencing 
techniques, and the development of clinical 
markers of decidual and endometrial biosensor 
function, will become part of an endometrial 
clinical “diagnostic toolbox” that will come to 
rival that enjoyed by embryologists in their 
scrutiny of embryo viability. 

Implantation failure is no longer a clinical 
“black box” [48]. 
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Introduction 


Ovarian function, namely the production of 
mature oocytes and sexual hormones, spans 
from menarche to menopause and depends on 
follicular endowment and depletion, which are 
regulated by only partially understood mechan- 
isms [1]. 

The human ovaries contain nearly 7 million 
germ cell at mid-gestation [2]. At birth there 
are 1—2 million primordial follicles (PFs) and 
they decline further, yielding an approximate 
number of 400,000 PFs at menarche. A progres- 
sive decline exists until menopause, when the 
number of PFs is around 1000 and ovulation 
ceases [2]. The mean age at natural menopause 
is 48.8 years, although this varies among coun- 
tries and socioeconomical status and lifestyle 
[3]. 

Premature ovarian insufficiency (POI) is 
defined as the presence, before the age of 40, of 
amenorrhea for at least 4 months, low plasma 
estradiol levels, and FSH of more than 25 IU/ 
mL on two occasions taken >4 weeks apart [4]. 
It was first described by Fuller Albright as 
“POI” [5]. The term was chosen to highlight 
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the ovary as the primary source of dysfunction 
in order to differentiate it from secondary 
hypogonadotrophic hypogonadism. The termi- 
nology referring to this clinical picture is vari- 
able depending on the medical specialties or 
the part of the world [6]. Over time, this medi- 
cal condition has received many different des- 
ignations (e.g., gonadal dysgenesis, POI, 
premature ovarian failure, premature meno- 
pause, early menopause, hypergonadotrophic 
hypogonadism, POI, ovarian dysgenesis, pri- 
mary ovarian failure, hypergonadotrophic 
amenorrhea, etc.). Although the ESHRE guide- 
line developing group opted to use the term 
premature POI [4], it has not been extended in 
the literature (Table 11.1). “Insufficiency” is 
recommended in preference to “failure” 
because the former includes ovarian dysgene- 
sis and hypergonadotrophic hypogonadism 
[7]. It should be called early menopause when 
it appears between the ages of 40 and 45 [4]. A 
clear distinction between POI and diminished 
ovarian reserve must be made [8]. The preva- 
lence of POI has been estimated as 1% in the 
general population [9], and varies depending 
on ethnicity and lifestyle [10]. 


© 2020 Elsevier Inc. All rights reserved. 
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11. Genetics of premature ovarian insufficiency 


TABLE 11.1 Terms utilized in the literature to refer to this clinical picture over time. 


To January 2019°* From January 2014” From January 2018° 
Gonadal dysgenesis 31% Primary ovarian insufficiency 29% Primary ovarian insufficiency 24% 
Primary ovarian insufficiency 21% Premature ovarian failure 20% Premature ovarian failure 20% 
Premature ovarian failure 18% Gonadal dysgenesis 14% Premature ovarian insufficiency 18% 
Premature menopause 11% Premature ovarian insufficiency 11% Gonadal dysgenesis 13% 
Early menopause 7% Premature menopause 9% Early menopause 11% 
Hypergonadotropic 4% Early menopause 9% Premature menopause 7% 
hypogonadism 
Premature ovarian insufficiency 3% Hypergonadotropic 5% Hypergonadotropic 6% 
hypogonadism hypogonadism 
Ovarian dysgenesis 2% Primary ovarian failure 1% Primary ovarian failure 1% 
Primary ovarian failure 1% Ovarian dysgenesis 1% Ovarian dysgenesis <1% 
Hypergonadotropic amenorrhea <1% Hypergonadotropic amenorrhea <1% Hypergonadotropic amenorrhea <1% 
Climacterium praecox <1% Climacterium praecox <1% Climacterium praecox <1% 
Menopause praecox <1% Menopause praecox <1% Menopause praecox <1% 


“A PubMed search for each of the denominations was performed with no restricted publication date. 


Restricted from 2014 to date. 
‘Restricted from 2018 to early 2019. 


For each time period the denominations were sorted according to their relative frequency of appearance. 


To date, there is no biochemical or clinical 
marker that predicts the age at menopause, 
although women with low ovarian reserve 
(OR) are prone to POI [11]. Due to the ten- 
dency in the Western world to increase mean 
maternal age [12], predicting the risk of POI is 
of paramount importance to preventing infer- 
tility. Furthermore, the cessation of ovarian 
hormone production leads to major symptoms 
and long-term side effects that must be 
addressed [13,14]. Moreover, some of the 
genetics influencing POI are also involved in 
metabolic, neurogenerative, and neoplastic dis- 
eases, therefore early diagnosis may improve 
the prognosis of such complications. 

There are more than 50 genes whose muta- 
tions can be causative of POI and many other 
genes that may be implicated [15]. The genetics 
of POI is difficult to classify because there are 
many pathways and cellular functions that 


may be impaired, for example, gonadal devel- 
opment, DNA replication, DNA repair, meio- 
sis, hormonal signaling, immune function, and 
metabolism. Some authors classify POI into 
isolated and syndromic POI, but for some 
genes that typically provoke syndromic POI, 
isolated POI may occasionally appear or be the 
initial presentation (ie., NBN, elF2B, genes in 
Perrault syndrome, FOXL2, FMR1, etc.). 

Some of the genetic alterations producing 
POI are related to tumor predisposition or 
other complications later in life, highlighting 
the relevance of a genetic study and counseling 
in POI patients [16]. 


Premature ovarian insufficiency etiology 


The potential causes of POI are shown in 
Table 11.2. There are well known genetic 
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TABLE 11.2 Potential causes of premature ovarian 
insufficiency (POI). 


e Tatrogenic 

e Ovarian surgery 

e Chemotherapy 

e Radiotherapy 
Environmental factors 
Viral infections 
Metabolic diseases 
Autoimmune diseases 
Genetic alterations 
Idiopathic 


causes of POI, but there is a high suspicion 
that idiopathic causes of POI bear a strong 
familial/ genetic association [17], as occurs with 
the age at menopause [18]. The existence of 
animal models that match with mutations in 
suspected genes, and the association of chro- 
mosomal abnormalities, such as Turner syn- 
drome (TS) (45,X), with POI support the strong 
suspicion that genetics is associated with many 
of the idiopathic cases of POI patients. 

The possible genetic causes of POI may be 
related to: 


1. Sex chromosomes; 
a. Aneuploidies 
b. X structural abnormalities 
c. Other sex chromosome abnormalities; 
. Specific genes on the X chromosome; 
. Mutations in autosomal genes; 
. Fragile X; 
. Noncoding RNAs. 


oF WN 


Technical advances 


Cytogenetic karyotyping has long been used 
for aneuploidies and structural chromosomal 
alterations. In terms of particular genes, the 
quest for candidate genes was hampered by 
Sanger’s sequencing limitations. Next- 
generation sequencing (NGS) has revolution- 
ized the genetics of POI. An important 
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characteristic of NGS is the length of the geno- 
mic region to be covered. There are four main 
formats available: 


1. Target sequencing microarray (TSM): includes 
panels of particular selected genes /regions; 

2. Whole exome sequencing (WES): includes all 
the genome’s coding region; 

3. Whole transcriptome sequencing or RNA-Seq: 
includes coding plus noncoding RNA; 

4, Whole genome sequencing (WGS): adds all the 
intronic regions. As it includes vast 
sequences of unknown function, it is 
reserved for research purposes. 


NGS data need bioinformatics to evaluate 
variants and their relevance base on multiple 
variables (type of genetic disease, amino acid 
conservation among species, tertiary structure 
predicted, etc.). Considerations on sequencing 
depth and coverage must be taken into account 
and variants found must be confirmed by 
Sanger’s sequencing [19] Moreover, some 
genomic regions are not fully covered and var- 
iants in a heterozygous state might not be 
selected in the presence of a digenic/polygenic 
POI [20]. 

With the advent of NGS and lower cost, 
soon the workup in POI diagnosis will 
include target sequencing microarray /whole 
exome sequencing (TSM/WES) with ethical 
and relevant counseling for implications 
relative to familial and later-in-life possible 
complications. 


Genetics of the ovarian reserve 


Many genes are involved in the determina- 
tion of the OR. The molecular mechanism asso- 
ciated with OR determination has been 
partially elucidated in recent years [15,21]. This 
insight can be carried out with the aid of ani- 
mal models (e.g., mice and Drosophila) as it is a 
process highly conserved among species. 
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Primordial germ cells (PGCs) originate in 
the extraembryonic mesoderm and migrate to 
the genital ridge and after divisions and differ- 
entiations generate oogonias, which through 
aggregation end up forming the germ cell cyst 
that must break down to form the PF [22]. 
Commitment, migration, and proliferation of 
PGCs were subsequently driven by the follow- 
ing genes: bone morphogenetic proteins 
(BMPs) and Wnt3/(-catenin necessary to pro- 
mote pluripotency and to inhibit differentia- 
tion, through Prdml and Prmd14, which 
mediate the expression of pluripotency genes 
(Pou5F1, Nanog, Kif4, and Lin28a) and 
germline-specific genes (Nanos3, Kitlg, Tfapc2, 
Dppa3; Ddx4, Vasa, Mael, and Dazl) [23]. From 
12 weeks of pregnancy until birth, meiosis 
commences but stops in the diplotene stage of 
prophase I. Tab4b directly occupies the proxi- 
mal promoter region of critical meiotic genes, 
including Stra8, Dazl, Figla, and Nobox [24]. 
Dazl expression is involved in meiosis activa- 
tion, which induces responsiveness to retinoic 
acid, which in turn induces Stimulated by 
Retinoic Acid (Stra) 8 (Stra8)-dependent and 
-independent pathways. Finally, germ cell 
cysts break down via apoptosis and pregranu- 
losa cells encapsulate a single oocyte and meio- 
sis stops in prophase I. The number of follicles 
is reduce to one-third [22]. Factors driving 
these processes include: Gdf9, Bmp15, FoxL2, 
Nobox, Figla, Notch2, and Adam10 [23,25]. 

The synaptonemal complex (SC) is stabilized 
by cohesins. From this family of proteins, 
Stromal antigen 3 (STAG3), Recombination 8 
(RECS8), Structural Maintenance of Chromosomes 
1 beta, and Radiation Sensitive 21-Like, are rele- 
vant in meiosis [26]. The last three have been 
proposed as candidates for POI but, to date, 
none has been described in humans [20]. 
However, by means of WES, a point-mutation in 
STAG3, whose transcript would either be not 
translated or result in a truncated unfunctional 
protein, has been described in a Middle Eastern 
family [27]. Inactivation of this protein in mice 
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results in early oocyte death [28]. In another 
consanguineous family with Arabic origin, a 
mutation in the Synaptonemal Complex Central 
Element Protein 1, another member of the SC 
complex, was described in two sisters [29]. The 
inactivation of this protein in mice resulted in a 
lack of follicles in ovaries [30]. 

To ensure proper sister chromatid separa- 
tion, the centromeric cohesion must be pre- 
served during meiosis I. Shugoshin-like 
proteins, SGO1 and SGO2, are key proteins 
involved in this step. A combined pathogenic 
variant in SGO2 and CLDN14 (gene coding for 
Claudin14) has been describe in four members 
of a family with Perrault syndrome (PS) (see 
below) [31]. 

A critical point during meiosis is homologous 
recombination (HR). During DNA resection by 
the MRN complex (i.e., Mre11-Rad50-Nbs1), two 
helicases from the minichromosome mainte- 
nance (MCM) family assist in this step (ie., 
MCM-8 and MCM-9) forming a complex [32]. 
In mutant mice for any of these genes there is 
an early loss of germ cells, and they were predis- 
posed to cancer [33,34]. In some consanguineous 
families variants of MCM8 and MCM9 have 
been encountered causing genomic instability 
and POT [35,36]. 

The proteasome 26S subunit, ATPase, 3- 
interacting protein (PSMC3IP), crucial in HR, 
interacts DNA with recombinases RAD51 and 
DMC1 [37]. PSMC3IP homozygous mutations 
was found in five women with gonadal dys- 
genesis [38] and another mutation was found 
in six sisters with ovarian dysgenesis and a 
brother with azoospermia [39]. Two different 
mutations have been identified in women with 
POI in two different families [40,41]. 

ZMM proteins are responsible for crossover 
processing. These proteins include SYCP1, 
HFM1 helicase, the MSH4—MSH5 complex, 
and the MLH1—MLH3 heterodimer. HFM1 sta- 
bilized strand invasion catalyzed by RAD51 
[42,43]. Hfm1 knockout mice have ovaries with 
reduced size and a decreased number of 
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follicles [43]. Two compound heterozygous 
mutations in HFM1 were detected in two 
Chinese sisters with POI [44] and other muta- 
tions in some POI Chinese women [45]. A 
homozygous splice-site mutation in MSH4 was 
detected in a Colombian family with POI- 
affected members [46]. In addition, MSH5 
mutations have been reported in several publi- 
cations [47,48]. 

RecQ helicases have been proposed to be 
involved in HR. In one of these helicases, 
REC8, missense mutations have been described 
in patients with POI [20]. 

DNA repair proteins were also involved in 
POL. In a family with several members affected 
with POI, certain mutations in the Cockayne 
Syndrome B (CSB)-PGBD3 gene have been 
described [49]. 

Nonhomologous end-joining is a secondary 
process involved in double-stranded break 
repair [50]. Two proteins involved in this pro- 
cess X-ray repair cross-complementing protein 
4 (XRCC4) and Ligase 4 (LIG4). A homozygous 
variant in XRCC4 was found in a female with a 
history of severe postnatal growth failure, 
microcephaly, primary gonadal failure, and 
early-onset metabolic syndrome. She devel- 
oped a malignant gastrointestinal stromal 
tumor at age 28 [51]. Similarly, a mutation in 
LIG4 was described in two patients with syn- 
dromic POI [52]. 

Finally, the Fanconi anemia DNA repair 
pathway, which repairs DNA _ interstrand 
cross-links, is also present in germinal cells. 
Several proteins are involved in this pathway 
and mutations in their genes have been associ- 
ated with POT [53—55]. 


Follicular development 


Folliculogenesis starts with initial recruit- 
ment to produce a cohort of follicles available 
for the cyclic recruitment. Several factors are 
implied in both recruitment and POT [56]. 
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Loss-of-function mutation has been 
described in the ESR1 gene. These patients 
present a plethora of peripheral symptoms, 
showing primary amenorrhea and multicystic 
anovulating ovaries [57,58]. By means of a can- 
didate single-gene approach toward the ESR2 
gene, a mutation was described in a girl with 
primary amenorrhea but the contribution of 
other genes to the phenotype was not excluded 
[59]. In contrast, a girl with a defective muta- 
tion in the ESR2 gene showed no ovaries visi- 
ble by ultrasound and absence of markers of 
granulosa cells (such as anti-Miillerian hor- 
mone), suggesting the absence of follicles/ 
streak gonads [60]. 

Mutations in the FSHR gene show varied 
phenotypes depending on the functionality of 
the protein they yield [61]. New mutations 
appear from time to time [62,63]. The first 
mutation described was in a Finnish family 
that showed a phenotype with absence of 
antral follicles [64] that later was characterized 
as a partial loss-of-function mutation [65]. A 
complete loss-of-function mutation was 
described in a patient whose ovarian histology 
showed that the receptor remained intracellu- 
larly, and the ovaries had an increase in the 
density of small follicles. There was a complete 
blockade of maturation after the primary stage 
[66]. 

With respect to the other gonadotrophin 
receptor, that is, LHCGR, a mutation was found 
in patients with oligoanovulation and recurrent 
cyst formation [67]. 

BMP15 and Growth and _ Differentiation 
Factor 9 (GDF9) are members of the TGF-$ 
family with paramount relevance in controlling 
ovarian function. They are secreted by the 
ovary to act in granulosa cells (GCs) and drive 
proper oocyte maturation [68]. They may act 
alone or form a heterodimer, known as 
Cumulin [69]. BMP15 mutations affect the 
ovary in several ways, for example, impaired 
early folliculogenesis, increased dizygotic twin- 
ing, ovarian hyperstimulation, and POI 
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[70—74]. The first mutation in BMP15 identi- 
fied in humans was a heterozygous POI patient 
with ovarian dysgenesis [75]. Thereafter, sev- 
eral mutations have been described in nonsyn- 
dromic POI patients [68]. Most of the variants 
were found in a heterozygous state, meaning 
that haploinsufficiency must be _ relevant, 
although in one publication, the mutation was 
only in a homozygous state with the progeni- 
tors being heterozygous for the mutations and 
with no phenotype [76]. It was proposed that 
variants of BMP15 may affect POI patients in 
an oligogenic synergistic fashion [20] which 
was implicated in the POI phenotype related to 
TS [77]. Several variants of the GDF9 also were 
related to POI [68]. 


Syndromic premature ovarian 
insufficiency 


X chromosome defects 


X chromosome changes in number and 
structure (ie., monosomies, polysomies, 
Turner mosaicism, deletions, insertions, iso- 
chromosomes, and translocations) are associ- 
ated with POI [78]. By means of cytogenetics in 
POI patients with balanced X-autosome trans- 
locations, a critical region on the long arm of 
the X chromosome was shown, that is, the 
Xq13.3—q27 interval [78]. Translocation may 
disrupt gene transcription due to the “position 
effect.” 

The 45,X is the typical karyotype associated 
with TS. Nevertheless, it has been proposed 
that surviving individuals are most likely 45, 
X/46,XX mosaicisms or have structural abnor- 
malities of the X chromosome [79]. Although 
spontaneous puberty, menstruation, and preg- 
nancies have been reported [80], the majority 
of TS women have primary amenorrhea due to 
complete oocyte depletion since the early 
stages of ovarian development [81,82]. The 
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pathogenesis of TS phenotype is complex, but 
due to the fact that some X-linked genes escape 
the physiological inactivation, the most 
extended theory on this pathogenesis is the 
presence of only one single copy of these genes 
[83]. 

Moreover, the presence of unsynapsed 
regions might be recognized by meiotic check- 
points, leading to apoptosis and a decrease in 
the follicle number [84]. Epigenetics effects 
might also influence POI. It has been shown 
that X-linked genes in the critical region have a 
highly heterochromatic organization, downre- 
gulating the expression of critical genes in the 
oocyte [85]. 


Autoimmune polyendocrinopathy 
syndrome type I 


Alterations in the Autoimmune Regulator 
(AIRE) gene may lead to multisystemic altera- 
tions: Addison’s disease, hypoparathyroidism, 
alopecia, vitiligo, keratopathy, malabsorption, 
hepatitis, and mucocutaneous candidiasis [86]. 
AIRE is expressed in the thymus, where it reg- 
ulates tolerance from T-cell attack [87]. It is an 
autosomal dominant disease with multiple 
mutations described [88]. Around 60% of 
females develop POI as a consequence of auto- 
immunity against steroidogenic enzymes [89]. 
Ovarian autoantibodies as detected by indirect 
immunofluorescence have poor specificity, as 
30% of healthy women have positive test 
results [90]. 


Blepharophimosis, ptosis, epicanthus 
inversus syndrome 


Blepharophimosis, ptosis, | epicanthus 
inversus (BPES) syndrome is an autosomal 
dominant disease with a _ prevalence of 
1:50,000 [2]. Depending on the presence or 
absence of POI, BPES syndrome has been 
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divided into two categories, type I and type 
II. The functional alteration in forkhead box 
L2 transcription factor (FOXL2) is responsible 
for this syndrome. FOXL2 was mapped on 
chromosome 2q23. To date, more than 270 
FOXL2 variants have been reported [91]. 
Depending on the functional alteration the 
mutation produces on the protein, the pheno- 
type may vary [92,93]. Some mutations have 
been described producing POI without BPES 
syndrome [25,94,95]. 


Galactosemia and carbohydrate-deficient 
glycoprotein syndromes 


Galactosemia is an autosomal dominant dis- 
ease caused by deficiency of galactose-1- 
phosphatase uridyltransferase (GALT) enzyme, 
with an incidence of about 1:40,000—1:60,000 
[96]. To date, more than 350 GALT variants have 
been described, with 277 known to be patho- 
genic and 16 mild or suspected pathogenic 
(arup.utah.edu/database/GALT/GALT_wel- 
come.php). Despite dietary restrictions, 
long-term complications still occur. The majority 
of women with galactosemia will sooner or later 
develop POI [97—99]. Several hypotheses sup- 
port the mechanism of POI in these women [99]: 
(1) direct toxicity of galactose to the oocytes and 
follicles, depleting the OR or compromising 
maturation, (2) impaired PGCs development 
[100], (3) alteration in glycosylation in gene 
pathways [101], hormones [102], and recep- 
tors [103], (4) effecting downregulation of the 
PI3K/Akt growth signaling pathway, target- 
ing protein and gene expression, decreasing 
OR [104], and (5) oxidative stress [21]. POI 
may appear as primary or secondary amenor- 
rhea and pregnancies have been described; 
the role of oocyte or ovarian cortex cryopres- 
ervation plays an important role in this 
pathology [105]. Medical treatment with salu- 
bridal may attenuate oocyte depletion [106]. 
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Congenital disorders of glycosylation 


Carbohydrate-deficient glycoprotein syn- 
dromes are a group of AR diseases related to 
mutations in the PMM2 gene that encodes 
phosphomannomutase enzyme involved in the 
conversion of mannose-6-phosphate into 
mannose-1-phosphate. The clinical presenta- 
tion shows a wide range of systemic disorders 
and early POI [21,107]. 


Pseudohypoparathyroidism type la 


The GNAS gene encodes the a subunit of 
the guanine nucleotide-binding protein (G pro- 
tein) implied in the process of signal transduc- 
tion [108]. It is located on chromosome 
20q13.32. Mutations and epigenetics modifica- 
tions [109], due to its imprinting, result in 
diverse clinical syndromes, whose genetic 
mutations are sometimes difficult to study 
[110]. G proteins are downstream of hormone 
receptors, thus FSH and LH, among others, 
have impaired signaling [111]. 


Mitochondria 


PS (sensorineural hearing loss and ovarian 
insufficiency) is a frequently clinically over- 
looked pathology mainly due to the variable 
expression and relationship between pheno- 
type and genotype. 

Polymerase DNA directed gamma (POLG) 
gene encodes mitochondrial DNA y polymer- 
ase in charge of mitochondrial DNA replication 
and repair. POLG is located on chromosome 
15q25. Mutations in this gene result in second- 
ary accumulation of mtDNA deletions in 
patients’ tissues and usually affect muscular 
and neurological systems [112]. Pathological 
variants provoke progressive external ophthalmo- 
plegia (PEO), whose clinical picture includes 
proximal myopathy, sensory ataxia, POI, and 
Parkinsonism [112]. In a family with multiple 
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members affected with PEO and POI, a com- 
pound heterozygosity was observed in three 
generations [113]. The pattern of inheritance is 
AR when mutations affect the polymerase 
domain, while it is AD when the exonuclease 
domain is affected [112,113]. There has been no 
POLG mutation described that produces iso- 
lated idiopathic POI [114]. 

Another gene involved in mtDNA mainte- 
nance that causes PEO and POI is RNASEH1, 
encoding ribonuclease H1 (RNase H1), which 
is physiologically located in the nucleus and 
mitochondria. Improper function of this RNase 
also provokes an accumulation of mtDNA 
mutations [115,116]. 

Twinkle mtDNA helicase gene or C10ORF2 
is a nuclear gene located in 10q24.31. CIOORF2 
codes for a helicase in charge of mtDNA 
unwinding during replication. Pathologic 
mutations are responsible for mtDNA deple- 
tion or deletions and POI with hearing loss, 
PEO, and PS [117,118]. 

During translation, aminoacyl transfer RNA 
(tRNA) synthases (aaRS) link amino acids with 
their cognate tRNAs. KARS and GARS are 
shared by the cytoplasmic and mitochondrial 
translation systems but the rest of the aaRS are 
specific for each system, that is, -ARS genes for 
cytoplasmic translation and -ARS2 genes for the 
translation of the 13 mitochondrial genes. 
Diseases related with these synthases are leuko- 
dystrophies, peripheral neuropathies, and POI 
[119]. HARS2, LARS2, and AARS2 encode mito- 
chondrial histidyl-, leucyl-, and alanyl-tRNA 
synthetases 2, respectively. HARS2 and LARS2 
mutations lead to PS with impaired hearing and 
POI [120,121]. When AARS2 is mutated besides 
POI, adult-onset encephalopathy appears [122]. 
A compound heterozygous mutation in this gene 
has been encountered in a woman with POI and 
adult-onset leukodystrophy [123] In addition to 
this AR heritage, a compound heterozygous 
inheritance pattern may appear, as shown with 
LARS2 and KARS (lysyl-tRNA synthetase) caus- 
ing ovarioleukodystrophy [124]. Another gene 
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involved in mitochondrial translation is 
KIAA0391, which encodes proteinaceous RNase 
P,a metallonuclease subunit of the mitochondrial 
RNase P complex, responsible for the 5’-end pro- 
cessing of mitochondrial precursor tRNAs. A 
missense variant has been detected in a consan- 
guineous family with three members with PS 
being homozygous for this mutation [125]. 

CLPP encodes mitochondrial ATP- 
dependent chambered protease, a component 
of a mitochondrial ATP-dependent proteolytic 
complex, involved in the degradation of 
unfolded or misfolded proteins, that when 
mutated is associated with PS [126—128]. 

Other recently described genes encoding 
mitochondrial-acting proteins related with PS 
are ERAL1 and KIAA0391. ERAL1 protein 
binds to the mitochondrial 12S rRNA and is 
involved in the assembly of the small mito- 
chondrial ribosomal subunit. A single homozy- 
gous mutation in ERAL1 has been described in 
three unrelated women with PS [129]. 

178-Hydroxysteroid dehydrogenase type 4 
(HSD17B4), also known as D-bifunctional pro- 
tein, is a multifunctional peroxisomal enzyme 
involved in fatty acid $-oxidation and steroid 
metabolism. Homozygous mutations in the 
HSD17B4 gene leading to DBP deficiency pro- 
voke an autosomal-recessive disorder of perox- 
isomal fatty acid B-oxidation that is generally 
fatal within the first 2 years of life. 
Nevertheless, a compound heterozygous muta- 
tion has been described in different families 
with members affected with PS [130,131]. It has 
been hypothesized that peroxisome dysfunc- 
tion leads to (among other molecular and met- 
abolic changes within the cell) impaired 
mitochondrial function [132]. Recently, a 
homozygous HSD17B4 mutation causing PS 
has been described, suggesting that depending 
on how this enzyme is impaired the phenotype 
may vary [133]. 

Complex V of mitochondrial ATP synthase 
defects impairs mitochondrial energy produc- 
tion. Mutations of MT-ATP6/8 encoding two 
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subunits of this complex are related with syn- 
dromes including cerebellar ataxia, peripheral 
neuropathy, diabetes mellitus, and POT [134]. 


Ovarioleukodystrophy 


Ovarioleukodystrophy is a leukoencephalo- 
pathy with vanishing white matter of the cen- 
tral nervous system associated with POI. 
Eukaryotic initiation factor 2B (eIF2B) is a 
nucleotide-exchange factor that plays a key 
regulatory role in the translation initiation 
phase of protein synthesis and is required to 
prevent the synthesis of denatured proteins 
under cellular stress [135]. Pathologic variants 
of three of its units (i.e., EIF2B2, EIF2B4, and 
EIF2B5) have been related with POI associated 
or not with neurological symptomatology 
[136]. POI may be diagnosed before the neuro- 
logical symptoms appear [137,138]. The reason 
for the degree of the phenotype remains 
unclear. EIF2B gene should be considered a 
potential candidate for patients with isolated 
POI [15]. In addition, some AARS2, LARS2, 
and KARS mutations are also implicated in leu- 
koencephalopathies and POI [122,124]. 


Ataxia telangiectasia 


The Ataxia Telangiectasia Mutated (ATM) 
gene encodes for a protein kinase implicated in 
cell cycle control, detecting DNA damage 
known to result in a chromosome breakage dis- 
order. Pathologic mutations in ATM result in 
ataxia telangiectasia, an AR disease showing 
cerebellar degeneration, oculomotor dysfunc- 
tion, immunodeficiency, cancer susceptibility, 
increased radiation sensitivity, and chromo- 
somal instability, as well as POI [139]. 


Demirhan syndrome 


Bone morphogenetic protein receptor 1B 
(BMPRIB) is a receptor for Growth and 
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Differentiation Factor 5 (GDF5). Mutations 
in BMPR1B have been found to cause a skele- 
tal syndrome with absent or hypoplastic ova- 
ries [140]. 


Premature aging syndromes 


Several syndromes characterized by symp- 
toms of premature aging are associated with 
POI. Bloom syndrome is an AR disease related 
with mutations in the gene which encodes the 
DNA helicase BLM. The main symptoms of 
Bloom syndrome include short stature, typical 
skin rashes on sun-exposed areas, moderate 
immunodeficiency, increased cancer risk due 
to chromosome instability, and hypogonadism 
[141]. WRN codes for another DNA helicase 
that, when mutated, provokes Werner syndrome, 
an adult progeria with increased cancer risk 
and atrophic gonads [142]. 

Another POI-related syndromic premature 
aging is GAPO caused by recessive mutations 
in ANTXR1 gene, whose protein is involved in 
cell adhesion and migration. Ovaries show pre- 
mature follicular depletion [143]. 


Fragile X syndrome 


Fragile X syndrome (FXS) is member of a 
large group of neurological conditions known 
as the repeat expansion diseases. It was first 
described in 1943 by Martin and Bell as a 
familial syndrome of intellectual disability 
with dysmorphic features and macroorchidism 
affecting men [144]. It was named after the fra- 
gility showed in X chromosome cytogenetics in 
Xq27.3, as FXS [145]. FMR1 enclosed in the 5’ 
untranslated region of exon 1, a highly poly- 
morphic CGG repeat, and a CpG island 250 bp 
in the previous noncoding region [146]. 

Based on the CGG repeat sequence 
four alleles has been differentiated, that is, 
(1) normal, (2) intermediate or gray zone, 
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TABLE 11.3. FMRI CGG triplet expansion, modifiers, simplified molecular effects, and clinical picture. 


Allele size Number of triplets | Modifiers* Produces Clinical picture 
Normal 6—44 CGGs - Normal mRNA Normal 
Normal FMRP 
Intermediate allele 45—54 CGGs = Normal mRNA Normal 
a Normal FMRP 
+ Excess mRNA FXTAS/FXPOI” 
Normal or slightly 
decreased FMRP 
Premutation 55-200 CGGs - Excess mRNA FXTAS/FXPOI!” 
Normal or slightly 
decreased FMRP 
+ No FMRP FXS 
Mutation > 200 CpG islands and repeats methylated No FMRP FXS 
Unmethylated Excess mRNA FXTAS/FXPOr* 


“Mainly methylation. 


“Other disorders. The effect of intermediate allele, premutation, and mutation categories may change depending on the degree of methylation, AGG 


interspersion, and maybe other modifiers. 


FMRP, Fragile X mental retardation protein; FXTAS, fragile X-associated tremor/ataxia syndrome; FXPOI, fragile X-associated premature 


ovarian, FXS, fragile X syndrome. 


(3) premutation (PM), and (4) mutation. The 
mutation process is by expansion in each 
generation depending on several factors (gen- 
der, CGG repeat number, the presence of 
AGG interspersion, external agents, and pos- 
sibly others) [147—151]. The level of triplet 
expansion modifies the methylation pattern 
that, combined, produces changes in FMRI1- 
mRNA size and changes in their translation 
properties (Table 11.3) [147]. FMR1 gene 
physiologically escapes from X chromosome 
methylation, but in the full mutated allele it is 
methylated and FMRI expression is silenced 
[152]. This picture is further complicated by 
the presence of mosaicism, both in length and 
methylation, blurring the boundaries between 
the phenotypes of the PM and the full muta- 
tion [153,154]. The prevalence of the different 
alleles change depending on the population 
studied [155,156]. 


A mother will transmit the affected allele to 
50% of her sons or daughters, while a father 
will pass it on to all his daughters and none of 
his sons. In the presence of PM alleles and in 
some cases of intermediate alleles, in 20% of 
women and 50% of older men, fragile X- 
associated premature ovarian (FXPOI) and 
fragile X-associated tremor/ataxia syndrome 
(FXTAS) appear (Table 11.4). 


Fragile X-associated premature ovarian 
insufficiency 


The FMR1 PM is the most common genetic 
cause of POI [157]. Women carrying FMR1 PM 
and intermediate alleles are at risk of develop- 
ing POL. Alternatively, having the full mutation 
alleles carries the same POI risk as the general 
population [158]. Around 20% of women carry- 
ing the PM develop POI but full mutation 
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TABLE 11.4 Clinical involvement associated with the premutation. 


Prevalence (permutation carriers vs general population) 


Female 

Phenotype Male carriers _ carriers 
FXTAS 40% 16% 
Fragile X-associated primary N/A 16%—20% 
ovarian insufficiency 
Hypertension 57% 22% 
Migraine 27% 54% 
Neuropathy 62% 17% 
Sleep apnea 32% with 32% with 

FXTAS FXTAS 
Psychiatric problems ~50% ~50% 


19,20,23—28. 


Male noncarriers Female noncarriers 


N/A N/A 

N/A ~1% (primary ovarian 
insufficiency) 

~30% ~30% 

~12% ~20% 

<5% <5% 

~15% ~5% 


~3.6% (> 45 years 
old) 


~ 10.3% (> 45 years old) 


FXTAS, Fragile X-associated tremor ataxia syndrome; N/A, not applicable. 
Creative common license. Based on Rajaratnam A, Shergill J, Salcedo-Arellano M, Saldarriaga W, Duan X, Hagerman R. Fragile X syndrome and fragile 
X-associated disorders. F1000Research [Internet]. 2017,;6:2112. Available from: https://fl000research.com/articles/6-2112/v1. 


carriers will not [159,160]. Those with PM in 
the range of 80—100 repeats have the highest 
risk for POI [161]. FMR1 gene is the cause of 
approximately 6% of POI cases [159]. Among 
women with sporadic or familial POI, the PM 
carrier was present in 3.2% and 11.5%, respec- 
tively [162]. FMR1 PM can be detected in about 
11% of familial POI and 3% of sporadic POI 
[163—165]. The prevalence of PM alleles among 
the general population is estimated to be of 
1:150—300 in females and 1:400—850 in males 
[166,167]. Nevertheless, due to both founder 
effects and racial differences in haplotypes, the 
frequency of expanded FMRI alleles is highly 
variable around the world, with the highest 
prevalence in Colombia and the lowest in 
Ireland and Asia [168,169]. 

Triplet expansion must be tested in (1) indi- 
viduals with intellectual disability, develop- 
mental delay, or autism, (2) individuals who 
have a family history of FXS, (3) women with a 
family history of FMR1-associated disorders 
(POI or early menopause, individuals with 


late-onset tremor or cerebellar ataxia), and (4) 
gamete donors [147]. 


Protein expression and function 


In human fetal ovaries fragile X mental 
retardation protein (FMRP) is expressed in 
germ cells surrounded by FMRP-negative 
pregranulosa and interstitial cells [170]. FMRP 
expression in these germ cells coincides with 
the loss of expression of the pluripotency- 
associated protein [171]. In contrast, in adult 
women it is expressed in granulosa cells of 
mature follicles [172]. 

FMRP acts as a posttranscriptional factor 
binding to different RNAs and modifying 
translational activity. One-third of all RNAs 
encoding pre- and postsynaptic proteins are 
targets of FMRP. This role as a posttranscrip- 
tion factor may explain the phenotypic com- 
plexity of the FXS and its variable expression 
[147]. 
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Molecular mechanism 


The precise mechanism of developing 
FXPOI remains elusive. It may be related to an 
initial decrease in the OR, altered recruitment 
of follicles, increased atresia, or altered 
hypothalamic— pituitary— gonadal axis. At least 
in mice, the establishment of a PF pool is nor- 
mal and there is an increased loss of follicles 
[173,174], suggesting that depletion occurs by 
follicle loss later in life [175]. 

Several hypotheses related to oocyte loss 
have been postulated. The most supported is 
the increased levels of FMR1-mRNA in PM 
and in intermediate carriers, leading to an 
RNA gain-of function toxicity. Interestingly 
there is no increased translation into FMRP. 
Elevated levels of FMR1-mRNA form aggre- 
gates with RNA-binding proteins, that might 
impair cellular functions, at least in FXTAS 
[176]. Granulosa cells of PM women have 
increased level of FMRiI-mRNA_ [172]. 
Signaling mechanisms necessary for the 
maintenance of the survival and activation of 
the PF, as well as oocyte maturation, are 
downregulated in FXPOI women [177]. 
Another proposed mechanism is repeat- 
associated non-ATG (RAN) _ translation. 
Repetitive RNA motifs can cause the initia- 
tion of translation in the absence of an AUG 
start codon. Translation of CGG repeats 
results in polyglycine-containing protein 
causing cellular toxicity in FXTAS [178]. 
Similarly, FMRpolyG were found in 
ubiquitin-positive inclusions in ovarian stro- 
mal cells of PM women [179,180]. Moreover, 
49 alternative-spliced isoforms from the 17 
exons of FMRI are described with tissue- 
specific differential expression. In PM car- 
riers, the distribution pattern and expression 
levels of this isoforms were different in 
asymptomatics compared with patients with 
FXTAS [181]. Whether this also happens in 
FXPOI is unknown. Moreover, several long 
noncoding RNAs are generated from FMR1 
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[147]. Specifically, one of these is FMR6, 
which has been detected with the highest 
levels in granulosa cells of PM women in the 
range of 80—120 repeats [182]. 

Other nontranscriptional processes might 
cause cell death and POI. R-loops 
(stable RNA—DNA hybrids) are formed during 
transcription through the expanded CGG 
repeat track in FXTAS. These loops might acti- 
vate a cellular DNA-damage response [183]. 
Furthermore, FAN] is a nuclease that has both 
5’—3' exonuclease and 5’ flap endonuclease 
activities. Mutations in FAN1 may contribute 
to tissue-specific triplet expansion via a 
replication-independent process [150]. External 
agents may worsen the expansion and thus the 
clinical picture [151]. However, no effect of the 
loss of FAN1 was apparent for germ-line 
expansions [150]. Finally, women carrying a 
PM have shorter telomeres and, hence, are 
“biologically older” than women carrying the 
normal-size allele, as the telomere length is not 
associated with the repeat length but with the 
diagnosis of FXPOI [184]. 

FMR2 (AFF2) is a gene mapped to Xq28 that 
behaves similar to FMR1. It bears a (GCC)n 
triplet repeat in exon 1 and has been found to 
be mutated in 1.5% of POI women studied 
[185]. 


Noncoding RNAs 


MicroRNAs posttranscriptionally regulate 
gene expression and are widely expressed in 
mammalian ovaries [186]. Their expression 
pattern and levels differentially shift during 
ovarian development and _folliculogenesis 
[187]. The mRNA _ expression levels of 
FOXO3, FOXL2, and CCND2 change in trans- 
fected granulosa cells with mutated miRNAs, 
suggesting a role in POI [188]. MiRNA poly- 
morphisms have been described in Asiatic 
families with POI, suggesting a role of this 
epigenetic modification in cell survival 
[189,190]. 
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Role of telomeres in premature ovarian 
insufficiency 


There are several molecular pathways implli- 
cated in organismal aging but the telomere 
pathway, whose function is to safeguard chro- 
mosome stability, is a critical one because it is 
betrothed to and affects other pathways impli- 
cated in aging [191]. 


Telomere history 


The existence of telomeres (from Greek 
“telos” end, and “meros” part) was first pro- 
posed by Herman Muller (Nobel Prize 1946) 
and Barbara McClintock (Nobel Price 1983), 
who observed that chromosome ends (in 
Drosophila melanogaster and Zea mays) were pro- 
tected from fusions, while chromosome breaks 
were repaired (fused back together) to main- 
tain their integrity [192-194]. In 1978, 
Elisabeth Blackburn and Joseph Gall found 
that telomeres of the protozoan Tetrahymena 
consisted of tandem repeats of the sequence 
“TTGGGG” and were able to demonstrate that 
telomeres protect chromosomes from degrada- 
tion [195,196]. Independent studies by Leonard 
Hayflick had shown that cells grown in culture 
could only undergo a limited number of divi- 
sions. This was called the replicative senes- 
cence phenomenon [197], which was explained 
on the basis of the unidirectional nature of the 
chromosome replication machinery, which can- 
not copy the very ends of chromosomes 
[198—200]. Therefore on every round of cell 
division a fragment of telomeric DNA 
sequence is lost during replication. However, 
Blackburn and colleagues observed telomere 
length variations in Tetrahymena [195] and 
hypothesized that a terminal-transferase activ- 
ity could add repeats onto telomere ends dur- 
ing replication, and that this transferase might 
be responsible for those variations in telomere 
length. In 1985, the presence of a terminal- 
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transferase activity was demonstrated in 
Tetrahymena cell-free extracts [201]. Later, it 
was purified and shown to be composed of 
both an RNA and a protein component, that 
were required for activity. This new transferase 
was called telomerase [202]. Telomerase, a 
reverse transcriptase able to add DNA using 
an RNA template, is the main mechanism for 
telomere elongation and is conserved in higher 
eukaryotes. 


Telomere structure and function 


The protective ends of linear chromosomes 
consist of several kilobases of repeats of the 
hexameric sequence “TTAGGG,” ending in a 
G-rich 3’ overhang of approximately 300—450 
nucleotides [203]. The 3’ overhang can invade 
the double-stranded telomere DNA sequence 
to generate a loop structure called the T-loop 
(telomere loop) [204], which is the first mecha- 
nism to hide the telomere end. The telomere 
sequence and the T-loop are bound by a com- 
plex of proteins that protect chromosome ends 
from degradation and repair activities [205]. 
This complex is called shelterin and comprises 
six proteins (TRF1, TRF2, RAP1, TIN2, TPP1, 
and POT1), which, in addition to telomere pro- 
tection, control telomere length [206,207]. 
Telomere and subtelomere regions contain het- 
erochromatic marks which protect telomeres 
from unscheduled recombination [208] and 
control telomere length [209]. Moreover, telo- 
meres are further protected by especially long 
noncoding RNAs which contain telomeric 
repeats, called TERRAS [210,211], which stabi- 
lize telomeres and control telomere length 
[210,212]. 


Telomeres and aging 


Cell division is required to maintain tissue 
homeostasis and organ function during the life 
span of individuals, but after many divisions, 
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telomeres can be reduced to a critically short 
length. When this happens, shelterins cannot 
bind and protect telomeres and the T-loop 
structure cannot be sustained [213], leaving tel- 
omeres more accessible to repair and degrada- 
tion activities. If most telomeres had a critically 
short length, cells would enter crisis [214], 
leading to chromosome instability, which is a 
hallmark of cancer. If only a few telomeres 
(just five) were critically short, then the DDR 
pathways would be activated, leading to cell 
senescence (cells cannot divide further, but 
they can carry out their function) or apoptosis 
[215,216]. Accumulation of senescent cells 
leads to aged tissue and organ dysfunction. 
Furthermore, if adult stem cells have critically 
short telomeres and cannot further divide, tis- 
sue homeostasis would be compromised. 
Therefore a certain telomere length is needed 
to sustain life. Each species has a genetically 
determined telomere length from birth. Adult 
mice of the Mus musculus species have a mean 
telomeric length of 40—50 kb, while humans 
have about 10-15 kb. However, the rate of 
telomere shortening, and not absolute telomere 
length, is related to organismal life span [217]. 
In mice telomeres shorten approximately 7000 
bases per year while in humans, telomere attri- 
tion is about 100 times slower [217]. 
Telomerase, which is activated during the 
blastocyst stage [218,219] can counteract telo- 
mere shortening by adding de novo repeats to 
telomeres, but this activity is undetectable in 
most cells of the organism, except for embry- 
onic and adult stem cells, the germ line, and 
cancer cells [220]. Although the lack of telome- 
rase activity may be seen as a disadvantage, it 
is a mechanism for cancer protection [221]. 
Attempts to dissect the function of telome- 
rase in aging led to the generation of 
telomerase-deficient mice [197,222,223] which 
had short telomeres, decreased regenerative 
capacity, and a shorter life span [197,222,223], 
but were cancer resistant. In a very elegant 
experiment, Jaskelioff | and coworkers 
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demonstrated that telomerase reactivation in 
the fourth generation of mice lacking telome- 
rase reversed tissue degeneration [224]. 
Telomerase was overexpressed to study its 
effects on life span and fitness. Indeed, better 
tissue regeneration was found, but also, a 
decreased in survival due to spontaneous can- 
cer incidence at young ages [225]. When telo- 
merase was overexpressed in cancer-resistant 
mice, the regenerative capacity of tissues was 
higher and the life span was significantly 
increased [226]. Similar results were observed 
when telomerase was overexpressed in wild- 
type mice during adulthood, 1- and 2-year-old 
mice [227], with an increase in life span and 
normal incidence of spontaneous cancer. These 
results are critical to design possible telomerase 
treatments in humans without increasing the 
risk of cancer. In humans, accelerated telomere 
attrition caused bay mutations in genes related 
to telomere maintenance and_ telomerase, 
increasing the risk of suffering aging- 
associated diseases [228]. 


Telomeres in female reproduction 


Ovaries are atypical because they age at a 
faster pace than the rest of the organs. Even the 
uterus can play its role at advanced ages. 
Apart from the environmental insults that 
organs can be exposed to, undoubtedly, genetic 
factors affect ovarian function. The question is 
whether the telomere pathway can impact on 
ovarian function. In wild-type mice, telomeres 
are longer in immature oocytes, and _ their 
length shortens as they become mature. After 
zygote formation, the telomere length increases 
up to the blastocyst stage [229,230]. The longest 
telomeres localize at the inner cell mass of the 
blastocyst [218,219]. Regarding telomerase 
activity, in immature oocytes more telomerase 
activity is detected. The activity decreases as 
oocytes mature, until the morula stage, and 
then increases with the highest peak at the 
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blastocyst stage, where telomere length is 
thought to be reset in the organism [231,232]. 
An increase in telomerase activity after zygote 
formation has been observed in other species, 
such as bovine and humans [200,231,233,234]. 
The implication of telomerase in fertility was 
clearly observed in telomerase-deficient mouse 
models. In mice of the sixth generation without 
telomerase, fertility was greatly reduced. The 
size of the ovaries was diminished compared 
to controls, and the uterine horns had aberrant 
shapes with reduced thickness of the myome- 
trium [223]. The percentage of oocytes 
retrieved after stimulation was lower than con- 
trols, and most of the fertilized eggs did not 
reached the blastocyst stage [223]. Liu and 
coworkers found that oocytes from the fourth 
generation had spindle aberrations and chro- 
mosome misalignments [230]. 

The tendency of parents to delay childbear- 
ing turns to a disadvantage due to the loss of 
oocyte quantity and/or quality with age, lead- 
ing to a decrease in spontaneous pregnancies 
and an increase in aneuploidy [235,236]. 
Indeed, telomeres in oocytes shorten after fetal 
development, possibly due to toxic com- 
pounds that reach the ovaries and the accumu- 
lation of reactive oxygen species [237]. Short 
telomeres have been associated with endome- 
trial pathologies [238], miscarriage, and failure 
in IVF cycles [239]. Furthermore, shorter telo- 
meres have been found in GCs obtained from 
patients suffering premature ovarian insuffi- 
ciency, and telomerase activity was low or 
undetectable in GCs from these patients 
[233,240]. In patients with premature ovarian 
failure, exposure to estrogens is lower [240], 
and this could affect telomerase enzyme, 
which is activated by sexual hormones 
[241,242]. More studies are necessary to under- 
stand in depth how the telomere pathway 
affects fertility in order to both minimize the 
disadvantages for fertility caused by telomeric 
attrition and maximize the health of women at 
late ages. 
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Future diagnosis and treatment 


Targeted therapy for genetic causes of POI 
currently remains elusive. Nevertheless, basic 
research gives insights into future treatment. 
For instance, epigenetic changes blocking tran- 
scription in FMRI are potentially reversible. 
Moreover, CRISPR/Cas9 genome editing has 
been used to shorten expansions in the gene in 
cell lines. 

Nevertheless, assisted reproductive technol- 
ogies may, at least, allow oocytes or ovarian 
cortex be preserved to prevent POI, highlight- 
ing the paramount relevance of early diagnosis 
and prevention. 

Actually, most of the laboratory workup of 
POI women consists of karyotype and FMR1 
gene testing. Based on the recent increase in 
knowledge of the POI genetic background and 
the association with major health issues, 
knowledge of specific gene panels directed 
toward POI will accelerate in clinical practice. 
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Prenatal testing is a rapidly evolving field in 
genetics and obstetrics. This field encompasses 
specialists in obstetrics and gynecology, mater- 
nal—fetal medicine, reproductive endocrinol- 
ogy and infertility, and medical genetics. As 
early as 1909 an association was reported 
between maternal age and Down syndrome 
[1]. For years this stood as the only method of 
“screening.” Today highly sensitive and spe- 
cific noninvasive screening methods plus diag- 
nostic methods of testing that have progressed 
beyond karyotype alone exist to inform fami- 
lies about their pregnancies. This chapter 
describes the commonly used screening modal- 
ities and the different methods and tests avail- 
able through diagnostic testing procedures in 
pregnancy. 


Aneuploidy screening tests 


Nuchal translucency 


Background 

The nuchal translucency (NT) is an ultra- 
sound measurement defined as the collection of 
fluid under the skin behind the neck of the fetus 
obtained between 10 and 14 weeks’ gestation 
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(crown—rump length between 38—45 and 
84 mm) (Fig. 12.1). While some fluid is present 
in the nuchal space of all fetuses, regardless of 
chromosomal status, it tends to increase among 
aneuploid fetuses, as well as those with other 
congenital anomalies. This measurement was 
introduced as the first screening method to 
detect fetal trisomy 21 in the first trimester [2]. 
While the mechanism leading to the increased 
NT measurement is not fully known, it is 
thought to be multifactorial and linked to 
abnormalities in lymphatic drainage, fetal car- 
diovascular abnormalities, and abnormalities in 
the extracellular matrix [3,4]. 

The fetal NT increases with gestational age/ 
crown—rump length. Due to this the NT mea- 
surement may considered abnormal when it is 
above 3.0 mm, or above the 99th percentile for 
the gestational age. In pooled data from 30 
studies, NT screening alone has a sensitivity 
for trisomy 21 of 77% with a 6% false-positive 
rate. The cutoff used to determine an abnormal 
NT varied in these’ studies between 
gestational-age cut-offs for the 95th percentile 
and 3.0 mm [5]. The cutoff picked for an abnor- 
mal NT screen will affect the test statistics, 
which explains the variation in detection rate 
for trisomy 21 in the literature. 


© 2020 Elsevier Inc. All rights reserved. 
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FIGURE 12.1  Transabdominal ultrasound image of an 
nuchal translucency (NT) measurement. The calipers are 
placed perpendicularly between the skin and the subcuta- 
neous tissue, with the fetus in a neutral position. The 
amnion is clearly seen below the skin. Nasal bone is also 
present in this image. 


TABLE 12.1 The criteria needed to obtain a proper nuchal translucency (NT) measurement [6,7]. 


¢ The crown—rump length must be between 45 and 84 mm, which typically falls between 10 0/7 and 13 6/7 weeks’ 


gestation. 


¢ Transabdominal or transvaginal scanning may be used but transabdominal imaging is successful in about 95% of 


patients. 
e The fetus must be midline sagittal. 
¢ The fetus should occupy three-fourths of the image. 


e The calipers for measurement should be set to 0.1 mm increments to insure accuracy. 

¢ The amnion must be distinguishable from the fetal skin and can be accomplished by waiting for fetal movement away 
from the membrane or by asking the mother to cough, which may move the fetus. 

¢ The NT measurement should be obtained behind the cervical spine. 

e The fetal head should be in a neutral position. If it is flexed or extended the measurement will not be correct. 

e The maximum thickness of the space between the skin and the soft tissue over the cervical spine should be measured. 
The calipers should be placed perpendicular to the fetal body on the inner edge of the skin and the inner edge of the 


soft tissue. 


e The maximum measurement of at least three NT measurements obtained should be used to calculate risk. 


Limitations 


There is an extensive list of criteria needed 
to obtain a satisfactory image (Table 12.1), so it 
is not surprising that obtaining consistent, reli- 
able measurements may be difficult. Studies 
have shown interoperator differences of up to 
0.5—0.6 mm and is largely attributable to cali- 
per placement [8,9]. Given these difficulties, 
quality review programs for NT measurement 
have been developed. The Fetal Medicine 
Foundation in London and the Nuchal 
Translucency Quality Review program in the 
United States are two examples of these pro- 
grams, which teach proper image capture and 


measurement, perform image review and per- 
form ongoing epidemiologic feedback to the 
sonographers and physicians performing and 
reading the ultrasounds. 

Maternal obesity also impacts the ability to 
obtain a quality NT image. The rising obesity 
rates, particularly in developed countries, have 
negatively impacted the ability to obtain an 
image, with failure rates as high as 23% in 
patients with class III obesity. The failure rates 
decrease with repeated attempts and bringing 
patients back for repeat ultrasounds, but 
remain almost four times higher for morbidly 
obese patients [10]. 
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Aneuploidy screening tests 


Massively 
parallel 
shotgun 

sequencing 


Targeted 
sequencing 


Counting 


Other ultrasound markers 


There are other ultrasound markers that can 
be used in the first trimester to assess risk for 
aneuploidy; the primary one is the presence or 
absence of a nasal bone. This can be identified 
in the same image used for the NT measure- 
ment (Fig. 12.1) and is seen as an equal sign 
(=), with the nasal bone ossification and over- 
lying skin. A third echogenic line should be 
seen slightly distally and is the skin over the 
tip of the nose. One large literature review 
found a sensitivity of 65% with nasal bone 
alone, which is less than that of NT alone [11]. 
There are multiple issues with nasal bone mea- 
surement that make it less than ideal for use as 
a screening test, for example, it is more likely 
to be visualized with advancing gestational 
ages [12] and it is more commonly absent in 
women of African ethnicity, without an 
increase in the risk of trisomy 21 [13]. 

Doppler measurements showing tricuspid 
regurgitation and pulsation in the ductus veno- 
sus have also been associated with increased 
risk of trisomy 21 in the first trimester; how- 
ever, these are technically challenging mea- 
surements to obtain and have not been widely 
used in the United States. 


Biochemical screening 


Serum analytes 

Specific maternal serum analytes are also 
available for first-trimester screening for aneu- 
ploidy. Alterations in the levels of maternal 
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FIGURE 12.2 Differentiating cell-free 
fetal DNA technologies. 


Targeted 
sequencing 


serum pregnancy-associated plasma protein A 
(PAPP-A) and the free B subunit of human cho- 
rionic gonadotropin (hCG) have been found to 
be associated with the common trisomies 21, 
13, and 18. In trisomy 21 pregnancies the level 
of PAPP-A is decreased and free 3-hCG is ele- 
vated. In trisomy 12, 13, and 18 pregnancies 
both analytes are decreased compared to nor- 
mal pregnancies [14]. The combination of 
serum analytes alone identifies 68.2% of preg- 
nancies with trisomy 21 with a 5% false- 
positive rate [15]. 


First trimester screen 


The combination of NT and first-trimester 
serum analyte screening is conventionally 
known as the first-trimester screen (FTS). The 
combination improves detection rates for tri- 
somy 21 ranging from 79% to93% [16—19]. In 
women over 35 the detection rate reaches 92% 
[16,17], with a 5% _ screen-positive rate 
(Fig. 12.2). The timing for the FTS correlates 
with the optimal gestational age for obtaining 
the NT and is typically performed between 11 
and 14 weeks’ gestation. Although the pres- 
ence or absence of the nasal bone may be 
reported on the FTS report, it is not used in the 
risk calculation. 


Maternal serum alpha-fetoprotein 


Screening for aneuploidy, outside of mater- 
nal age, originally began in the second trimes- 
ter with the use of a maternal serum analyte. 
Maternal serum alpha-fetoprotein (MSAFP) 
was noted to be low in women with a 
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pregnancy with trisomy 21 [20,21]. Alpha- 
fetoprotein (AFP) is one of the most abundant 
proteins in the fetus in the first trimester. 
Levels decrease during the second trimester in 
normal pregnancies. Although the physiologic 
reason for low levels in pregnancies with tri- 
somy 21 is unclear, elevated levels are found in 
cases of fetal anomalies where the fetus is lack- 
ing a skin barrier in some capacity (i.e., open 
neural tube defect, anencephaly, gastroschisis). 
The “leaking” of AFP from the fetus into the 
amniotic fluid then crosses the maternal—pla- 
cental interface causing elevated levels in the 
maternal serum (Table 12.2). 


Quadruple screen 


The quadruple screen or quad screen is 
another serum analyte test that is performed 
only in the second trimester, making it an 
attractive option for women who present late 
to care. This test uses four maternal serum ana- 
lytes to provide a risk for trisomy 21 and tri- 
somy 18, and can also provide a_ risk 
assessment for the pregnancy being affected by 
an open neural tube or ventral wall defect. The 
four proteins used are MSAFP, hCG, inhibin A, 
and unconjugated estriol (Table 12.3). 

Unconjugated estriol and hCG were the first 
two analytes to be added to MSAFP to produce 
the triple screen. Low levels of unconjugated 
estriol and elevated levels of hCG were found 
together in women with pregnancies carrying 
trisomy 21 fetuses. The triple screen is no lon- 
ger in use as a screening test alone since the 
discovery of elevated inhibin A levels in tri- 
somy 21 pregnancies. 

The combination of these four analytes can 
provide a risk assessment for aneuploidy from 
15 to 22 weeks’ gestation. The detection rate in 
women less than 35 years old is 75%, but 
jumps to 92% in women older than 35 years 
old at delivery, with a false-positive rate of 5% 
and 13%, respectively [17]. 


12. Prenatal testing 


Combination screening 


The results of aneuploidy screening can be 
improved by combining the various screening 
tests above, since the tests are performed at dif- 
ferent gestational ages. The two approaches to 
combined screening are the integrated screen 
and the combined screen. 


Integrated screening 


The primary method of this screening uses 
two parts of the FIS (NT measurement and 
PAPP-A) combined with the quad screen in the 
second trimester. The free B-hCG is not used 
since hCG is part of the second-trimester screen. 
The patient does not get a result for the screening 
until all parts are completed in the second trimes- 
ter. This method has a detection rate for trisomy 
21 of 95% with a 5% false-positive rate [18,22]. 

A second method of integrated screening 
involves serum analytes only (PAPP-A in the 
first trimester and the quad screen in the sec- 
ond trimester). This is an attractive option for 
women who are in an area without access to 
first-trimester NT measurement capabilities, or 
if maternal obesity precludes adequate image 
acquisition. The detection rate using serum 
analytes alone is around 86% with a 5% false- 
positive rate [18,22]. 

The disadvantages of these methods include 
lack of any test result until the second trimester, 
resulting in later diagnostic testing and poten- 
tially later pregnancy termination. Second, up 
to 25% of patients may not return for their quad 
screen, leaving them without any aneuploidy 
screening results for the pregnancy [23]. 


Sequential screen 


The sequential screening method eliminates 
the issue with quad screen nonadherence and 
return of aneuploidy screen results until the 
second trimester. This screening method 
allows for results to be released in the first tri- 
mester after the FITS and is then used to guide 
management for second-trimester screening. 
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TABLE 12.2 FTS screening [combination of nuchal translucency (NT), pregnancy-associated plasma protein A (PAPP-A), and free 8 subunit of human chorionic 
gonadotropin (8-hCG)] results in four of the largest studies. 


All ages All ages All ages All ages = 35 years = 35 years 
detection false-positive detection false-positive old detection 235 yearsold olddetection 235 years old 
rate for rate for rate for rate for rate for false-positive rate for false-positive 
Pregnancies trisomy trisomy trisomy trisomy Pregnancies trisomy rate for trisomy rate for 
Source screened 21 (%) 21 (%) 18 (%) 18 (%) screened 21 (%) trisomy 21 (%) 18 (%) trisomy 18 (%) 
Wapner 8216 79 5 91 2 4120 78 5 100 2.6 
et al. (2003) 
(BUN study) 
[16] 
Malone et al. 38,033 86 5 = = 8199 95 22 = = 
(2005) 
(FASTER 
trial) [17] 
Waldetal. 47,053 83 5 - 7 - - - 7 7 
(2003) 
(SURUSS 
study) [18] 
Nicolaides 75,821 93 5 _ _ _ ~ _ - 


et al. (2005) 
[19] 
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TABLE 12.3 Expected serum levels seen in the quadruple screen for various genetic and structural anomalies. 


Maternal serum alpha-fetoprotein 
(MSAFP) 

Trisomy 21 Low 

Trisomy 18 Low 

Open neural tube —_ Elevated 


defect 


The sequential screen can be performed in 
three different ways. 


¢ Independent sequential screen: An FTS is 
performed with all three components (NT 
measurement, PAPP-A, and free B-hCG). 
The FTS is considered positive if the risk is 
= 1/270. The decision to pursue diagnostic 
testing or not is based on the FTS result. 
If diagnostic testing is not done the quad 
screen is performed in the second trimester 
and the risk for aneuploidy is calculated. 
independently of the FTS results. The 
detection rate is above 95% but with very high 
false-positive rates (> 10%) as the quad screen 
does not take into consideration the decreased 
risk of trisomy 21 in the second trimester after 
diagnosis of aneuploid pregnancies with 
diagnosis in the first trimester [17,24]. 

© Stepwise sequential screen: An FTS is 
performed with all three components (NT 
measurement, PAPP-A, and free B-hCG). A 
high FTS risk result is used to identify those 
at highest risk of aneuploidy in the first 
trimester and they are offered diagnostic 
testing. The remainder go on without 
getting an official FTS result but knowing 
they were low risk and obtain a quad 
screen. A final risk result is then given in the 
second trimester using the results of both 
the FTS and quad screen. This method 
decreases the high false-positive rate of the 
independent sequential screen because only 
the highest risk patients are offered 
diagnostic testing after the FTS [25]. 


Unconjugated Human chorionic Inhibin 
estriol gonadotropin (hCG) A 

Low Elevated Elevated 
Low Low N/A 
Normal Normal N/A 


¢ Contingent sequential screening: An FTS is 
performed with all three components (NT 
measurement, PAPP-A, and free 8-hCG). 
Those patients with a low-risk FTS result do 
not continue to have a quad screen. 
Generally, patients with a FTS risk for 
trisomy 21 of 1/1300 or less do not go on to 
second-trimester analyte analysis. Patients at 
high risk of aneuploidy after the FTS are 
offered diagnostic testing. This leaves 
intermediate-risk patients, approximately 
15%—20%, obtaining a quad screen. The 
detection rate with this method is 92%—94% 
with a 5% false-positive rate [26,27]. 


Twin gestations 


In general, any genetic screening is less accu- 
rate in twins, but the risk for aneuploidy is 
increased, unless it is a monozygotic pair. In 
monozygotic twins the a priori risk for aneu- 
ploidy is similar to the mother’s age-related risk. 

NT measurements can be obtained in any 
multifetal gestation; however, there may be 
increased technical difficulty in obtaining the 
measurements with multiple fetuses. Care also 
needs to be taken to ensure each fetus is being 
measured. In a dizygotic pair a separate risk 
can be assigned for each fetus but in a monozy- 
gotic pair with differing NT measurements it is 
not as clear-cut. In general, it is recommended 
to use the higher or average NT measurement 
as this has a greater detection rate compared to 
using the smaller NT measurement for aneu- 
ploidy risk assessment [28]. 
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Aneuploidy screening tests 


Biochemical screening in the first trimester 
can be combined with NT measurements in 
twin gestations to increase the detection rate. 
The maternal serum analyte levels in multiple 
gestations are elevated compared to singletons. 
The level of the analyte, either PAPP-a or free 
B-hCG, is translated into multiples of the 
median and then that number is divided by 
the twin median. This gives an approximate 
twin multiple of the median, which can be 
used with the NT measurement obtained in 
each fetus to give a separate risk assessment 
for each twin [29]. Some labs may adjust for 
chorionicity of the twins, as women with 
monochorionic twins have lower serum levels 
of PAPP-A and free B-hCG than women with 
dichorionic twins [29]. A metaanalysis examin- 
ing sensitivity and specificity of FTS in twin 
gestations found sensitivity and specificity of 
86.2% and 95.2%, respectively, for dichorionic 
twins with a similar sensitivity and specificity 
for monochorionic twins (87.4% and 95.4%, 
respectively) [30]. 

Second-trimester screening (triple screen 
and quad screen) has much lower sensitivity 
and specificity for twin gestations. The largest 
study to date in twins used a triple screen and 
reported a detection rate of 63% and a false- 
positive rate of 10.8% [31]. Performing a step- 
wise sequential screen may improve these 
results slightly but is not an option for women 
who present with twin gestations in the second 
trimester [29]. 


Cell-free fetal DNA screening 


Background 


Fetal DNA was first discovered in maternal 
plasma in 1997 [32]. The DNA fragments origi- 
nate from apoptotic trophoblast cells and are 
smaller than other DNA fragments at approxi- 
mately 200—450 base pairs, which allows them 
to be differentiated from other fragments of 
DNA. These DNA fragments are present in a 
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much higher concentration than circulating 
fetal cells in the maternal plasma [33]. Since 
this discovery the technology has been evolv- 
ing rapidly to utilize these fragments to test for 
aneuploidy and other genetic disorders in the 
fetus. 

The fetal DNA _ fragments are first 
detectable around 7 weeks of gestation. The 
amount of fetal DNA in maternal circulation is 
calculated as the amount of fetal cell-free DNA 
over the total amount of cell-free DNA in any 
given maternal plasma sample. The result of 
this calculation is known as the fetal fraction. 
The fetal fraction increases to 3%—13% of the 
total maternal plasma around 10 weeks’ gesta- 
tion, is stable from 10 to 21 weeks’ gestation, 
and then increases again until the third trimes- 
ter when it is at its highest concentration [34]. 
After delivery there is rapid clearance of these 
fetal DNA fragments, as the half-life of the fetal 
DNA fragments is only 15—20 minutes. 

Multiple factors can affect the fetal fraction, 
including maternal obesity, maternal medical 
conditions, gestational age, multiple gestations, 
and fetal aneuploidy [35]. This is important 
when discussing optimal timing for screening 
utilizing cell-free fetal DNA. For example, 
women with higher body mass indexes (BMIs) 
may benefit from screening closer to 12 weeks 
of gestation to ensure an adequate fetal fraction 
for screening and decrease the chance of the 
inability of the test to be performed. 

The first commercially available screens for 
aneuploidy were available in 2011 and rapidly 
became the test of choice for screening for tri- 
somy 21, with the highest reported prediction 
rate of any of the aneuploidy screening modali- 
ties among women at increased risk for 
aneuploidy. 


Modalities of testing 


There are various modalities used by com- 
mercial cell-free fetal DNA screening compa- 
nies to screen for fetal aneuploidy. These 
methods can be separated into those that 
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TABLE 12.4 Sensitivity and false-positive rates for various methods of cell-free fetal DNA screening for trisomies 21, 


13, and 18, monosomy X, and fetal triploidy. 


Sensitivity (%) 


False-positive rate (%) (MPSS) 
Trisomy 21 99.1 
0.2 
Trisomy 18 (Edwards syndrome) 97.3— > 99.9 
0.30 
Trisomy 13 (Patau syndrome) 87.5—91.70 
0.90 
Monosomy X (Turner syndrome) 95 
0.50 


Triploidy 


Unable to detect 


Targeted MPSS SNP 
>99 >99 
0.1 0 

98 >99 
0.1 <0.1 
80 >99 
0.05 0 

96.70 91.7 
Unreported <0.1 
Unable to detect >99 


MPSS, Massive parallel shotgun sequencing; SNP, single-nucleotide polymorphism. 


utilize “counting” DNA fragments and those 
that utilize single-nucleotide polymorphisms 
(SNPs). The counting methods can further be 
broken down into two techniques: massive 
parallel sequencing and targeted sequencing. 
These methods have their pros and cons, 
which are discussed below, but all three still 
provide the highest prediction rate for trisomy 
21 in high-risk populations. Neither technique 
is currently proven superior in terms of detec- 
tion for trisomies 13, 18, and 21. Regardless of 
the method used, about 5% of samples will fail 
to produce a result (Table 12.4) [36]. 


Counting 
Massive parallel shotgun sequencing 


This method of cell-free DNA screening uti- 
lizes universal next-generation sequencing to 
map the millions of free DNA pieces (massive) 
to their chromosome of origin. Multiple samples 
can be analyzed at the same time (parallel). The 
molecules of DNA that map to each chromo- 
some could be maternal or fetal in origin 


(shotgun). The number of molecules that map 
to each chromosome is then determined and the 
fetal chromosome number is determined by 
comparing the absolute number of reads on 
chromosomes 13, 18, and 21 to the number of 
reads from reference chromosomes that are pre- 
sumed to be disomic. The fraction of a read 
expected from a particular chromosome is pro- 
portional to the chromosome size; therefore, we 
would expect a higher fraction for chromosome 
1 compared to chromosome 22. The ratio of 
reads belonging to a chromosome of interest, 
chromosome 21, for example, is compared to 
the total number for a sample and then com- 
pared to the mean and standard deviation in a 
control sample, producing a Z-score. The Z- 
score represents how much of chromosome 21 
in the sample differs from the chromosome 21 
in the control, which is known to be diploid. 
Manufacturers who use this method often will 
report positive or negative if the Z-score result 
is above or below a certain threshold. They 
may also have a Z-score range that is an 
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indeterminant or no-call zone. The fraction of 
fetal DNA in the sample (fetal fraction) will 
affect the results of this test and samples with a 
low fetal fraction are more likely to give an 
indeterminant or no result (Fig. 12.3) [37]. 

The advantages of using this technology 
include the ability to run multiple samples at 
the same time, the ability to run samples with- 
out separating maternal and fetal cell-free 
DNA fragments, and excellent positive predic- 
tive values, especially for trisomy 21. 
Limitations of this method include a lower 
ability to predict trisomy 13 compared to tri- 
somy 18 and trisomy 21, an adequate fetal frac- 
tion, the higher cost compared to other 
methods, and the need for a control sample 
[38,39]. 


15 


10 


Z-score 


Euploid 


Trisomy 21 


FIGURE 12.3 Mock-up of Z-score for euploid (black) 
and trisomy 21 (red) maternal serum samples for cell-free 
fetal DNA screening. A Z-score cutoff of 2.5 is shown as 
the solid line. Source: From Ehrich M, Deciu C, Zwiefelhofer T, 
Tynan JA, Cagasan L, Tim R, et al. Noninvasive detection of 
fetal trisomy 21 by sequencing of DNA in maternal blood: a 
study in a clinical setting. Am J Obstet Gynecol 2011;204:205. 
e1—205.e11. 


209 


Targeted massively parallel shotgun sequencing 


This method of cell-free fetal DNA screening 
involves selective sequencing of the chromo- 
somes of interest (13, 18, and 21) and then 
develops a risk calculation of sorts. This risk cal- 
culation considers fetal fraction, cell-free DNA 
counts, maternal age, and gestational age. The 
result provided is then listed as a risk rather 
than a negative or positive result, as with mas- 
sive parallel shotgun sequencing (MPSS) [40]. 
The main advantage to this method is that it is 
cheaper than MPSS because it requires fewer 
counts. The primary disadvantage to this 
method, similar to MPSS, is that an adequate 
fetal fraction is needed to produce a result but, 
because of the fewer counts that are performed, 
a higher fetal fraction is needed [37]. 


Single-nucleotide polymorphisms targeted 
sequencing 


The other major approach to cell-free fetal 
DNA screening involves the use of SNPs. SNPs 
occur when there is a single base-pair alter- 
ation and is a normal genetic change that 
occurs in every person. These genetic altera- 
tions mark where people differ from one 
another and account for 1.6% of the human 
genome [37]. This method uses SNPs with a 
high level of heterozygosity for comparison 
and thousands of SNP sequences are designed 
for each chromosome of interest. The initial 
method described required a paternal sample 
in addition to the maternal sample, however, a 
more novel approach allows for just the mater- 
nal sample, which increases the feasibility of 
this method. Polymerase chain reactions were 
performed on the maternal blood sample fol- 
lowed by sequencing. The product was then 
analyzed under different assumptions for each 
chromosome: one copy of the chromosome was 
present, two copies of the chromosome were 
present, or three copies were present. A maxi- 
mum likelihood ratio was then calculated that 
the fetus was euploid, aneuploid, or triploid. 
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TABLE 12.5 Cell-free fetal DNA test performance characteristics in patients who receive an interpretable result at 


16 weeks’ gestation. 


Sensitivity (%) Specificity (%) 


Trisomy 21 99.3 99.8 
Trisomy 18 97.4 99.8 
Trisomy 13 91.6 99.9 
Monosomy X 91.0 99.6 


25 years old 40 years old 
Positive predictive value (PPV) (%) PPV (%) 
32 85 
16 59 
9 57 
29 29 


Created with noninvasive prenatal testing (NIPT) performance calculator: https://www.perinatalquality.org/Vendors/NSGC/NIPT/. 


This screening method also allows for a maxi- 
mum likelihood ratio calculation for uniparen- 
tal disomy (all chromosomes are inherited 
from one parent). If no one profile fits, then no 
result can be produced [37]. 

The primary advantage for SNP analysis is 
less amplification variation, leading to a more 
accurate copy number across all chromosomes 
of interest. Other advantages of this method 
are that it allows for a very small fetal fraction, 
as it has been validated to a fetal fraction of 
2.8%, which is smaller than MPSS or targeted 
MPSS and that it allows for different risk calcu- 
lations for each twin in dizygotic twins, 
whereas MPSS and targeted MPSS do not [29]. 
This screening does not perform as well when 
there is a high degree of consanguinity 
between the parents. It also cannot be per- 
formed when there is a history of bone marrow 
transplant in the mother, or when the preg- 
nancy is the result of egg donation, with the 
exception of one company [37]. 


Target population 

The original population the cell-free fetal 
DNA screen was designed for was women of 
advanced maternal age (i.e., =35 years old at 
the time of delivery), as these women have an 
increased risk of aneuploidy, particularly tri- 
somy 21, compared to younger women. The 
widespread availability and the attractiveness of 


a categorical “positive” or “negative” result, sim- 
ilar to a diagnostic test, have led to this screening 
modality being utilized outside of the originally 
studied population of women (Table 12.5). 

The Society of Maternal-Fetal Medicine 
(SMFM) and American College of Obstetricians 
and Gynecologists (ACOG) currently recom- 
mend cell-free fetal DNA screening be used for 
“high-risk patients” [41]. These patients include 
advanced maternal age, ultrasound findings that 
raise concern for aneuploidy, a prior pregnancy 
with confirmed trisomy, positive aneuploidy 
screening results (i.e., quadruple screen or first- 
trimester screen), and a pregnancy at increased 
risk for trisomy 13 or trisomy 21 based on a 
parental balanced Robertsonian translocation 
[42]. Although there have been studies using 
cell-free fetal DNA screening in low-risk popula- 
tions that have shown promising results, it is 
important to note their flaws, including they are 
underpowered, screened for trisomy 18 and tri- 
somy 21, which have higher positive predictive 
values even in the high-risk population and had 
sample collection in the third trimester, well after 
most cell-free DNA screening is performed and 
when the fetal fraction is higher [43]. Despite 
this, the test is not restricted to women who are 
<35 years old at the time of delivery. Given 
these issues ACOG and SMFM recommend cell- 
free fetal DNA screening be reserved for those in 
the high-risk group they have defined. 
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Counseling 


All women should be counseled about all 
their options for genetic screening in preg- 
nancy. Those opting for cell-free DNA screen- 
ing should be informed that it is still a 
screening test, albeit with high sensitivity and 
specificity, and since it is a screening test a 
negative screen does not guarantee an unaf- 
fected pregnancy. Low-risk women should be 
counseled about the potential for false-positive 
results. Even in women of advanced maternal 
age, for who the test was originally developed, 
this screening method will miss about 43% of 
anomalies because trisomies 13, 18, and 21 
only make up about 50% of cytogenic abnor- 
malities that would otherwise be detected with 
invasive testing [44]. A patient with a positive 
cell-free DNA screen should be referred for 
genetic counseling and offered invasive diag- 
nostic testing, as this screening modality does 
not replace the accuracy and comprehensive 
nature of chorionic villus sampling (CVS) or 
amniocentesis. Women should be discouraged 
from pursuing pregnancy termination based 
on cell-free fetal DNA result alone given the 
risk of false-positive results. These general 
guidelines and recommendations have been 
supported by ACOG, SMFM, the American 
College of Medical Genetics, the International 
Society of Prenatal Diagnosis, and the National 
Society of Genetic Counselors [41,44—46]. 


Limitations 


Despite the promise of this most recent 
screening test and its high detection rate, espe- 
cially for trisomy 21 in high-risk populations 
there are important limitations to consider 
regarding the use of cell-free fetal DNA. 

The first issue, which has been previously 
mentioned, is the risk of a low fetal fraction. 
Depending on the technology used the fetal 
fraction needed can be as low as 2.8% or may 
need to be as high as 8% before a test result 
can be interpreted. Certain factors affecting the 
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fetal fraction, such as maternal BMI and fetal 
aneuploidy are not modifiable once there is a 
need for screening. Providers can help decrease 
the risk of a low fetal fraction by drawing the 
sample at the appropriate gestational age. 
Maternal blood draws for cell-free fetal DNA 
prior to 10 weeks’ gestation are more likely to 
result in a low fetal fraction, so waiting until 10 
weeks’ gestation or greater will be more likely 
to produce an adequate sample. Additionally, 
in obese women (BMI =30kg/m/’), waiting 
until 11-12 weeks’ gestation may produce a 
more reliable sample and avoid unnecessary 
patient anxiety and potential diagnostic testing 
procedures. Women who have results that are 
unable to be interpreted should have further 
genetic counseling with a detailed anatomy 
ultrasound and consideration of diagnostic 
testing given the increased risk of fetal aneu- 
ploidy in this population (Table 12.6). 

A low fetal fraction may also produce a false 
negative and leaves a residual risk of aneuploidy 
[47]. This is especially true when using the tar- 
geted MPSS, which runs fewer counts. Other rea- 
sons for false negatives may include maternal 
genetic variation. For example, mothers with 
large copy number variants may have a false- 
negative result as the carry a higher proportion 
of genetic material on a particular chromosome 
[48]. Fetal aneuploidy can produce a_ false- 
negative result due to a low fetal fraction. In par- 
ticular, trisomy 13, trisomy 18, and monosomy X 
have lower demonstrated fetal fractions com- 
pared to euploid fetuses and fetuses with trisomy 
21. Placental mosaicism is a risk for producing 
false-negative and false-positive results depend- 
ing on the genetic composition of the cells in the 
placenta compared to the fetus [49,50]. 

More often, placental mosaicism has been 
found to produce false-positive results. Other 
potential causes for false-positive cell-free fetal 
DNA results include a vanishing twin, previ- 
ously unrecognized maternal aneuploidy, and 
maternal malignancy [51—54]. Detection of 
previously unrecognized maternal sex 
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TABLE 12.6 Test characteristics, pros and cons for common aneuploidy screening tests, and the recommended gestational ages for obtaining the tests. 


Screening test 


Nuchal 
translucency 


First trimester 


Quad screen 


Integrated screen 


Serum integrated 
screen 


Stepwise 
sequential screen 


Contingent 
sequential screen 


Cell-free DNA 


Gestational age 
range (weeks) 


10-13 6/7 


10-13 6/7 


15—22 


10—13 6/7 then 
15-22 


10-13 6/7 then 
15-22 


10—13 6/7 then 
15-22 


10—13 6/7 then 
15-22 


10—term 


Detection rate for 
trisomy 21 (%) 


64—70 


82—87 


69 


96 


88 


95 


88—94 


99 (if a result can be 


provided) 


False-positive 
rate (%) 


5 


0.5 


Pros 


No blood draws 

Can be performed in multifetal gestation 
Additional information gained on other 
fetal anomalies 


Single test/blood draw 
Results in the first trimester 


Single blood draw 

No specialized ultrasound training 
Provides information on other potential 
fetal anomalies 

Option for screening for women who are 
late to prenatal care 


Highest detection rate for all combined 
tests 

Provides information on other potential 
fetal anomalies 


No specialized ultrasound training 


First trimester results provided 
Provides information on other potential 
fetal anomalies 


First trimester results provided as low, 
high, or intermediate risk 

Provides information on other potential 
fetal anomalies 


Highest detection rate for trisomy 21 
Can be performed at any gestational age 
Low chance of false positive in high-risk 
population 


Cons 


Poor detection rate when used in 
isolation 

Requires specialized ultrasound training 
and good image quality 


Requires specialized ultrasound training 
and good image quality 


Lower detection rate than other 
screening tests 


Two blood draws 
No results until the second trimester 


Two blood draws 
No results until the second trimester 


Two blood draws 


Possibly two blood draws 


High-risk of false positive in low-risk 
women 

Lower sensitivity and specificity for 
trisomies 13 and 18 


Adapted from ACOG Practice Bulletin 163 (Cuckle H, Benn P, Wright D. Down syndrome screening in the first and/or second trimester: model predicted performance using meta-analysis parameters. Semin 
Perinatol 2005;29:252—57 [25]; Ehrich M, Deciu C, Zwiefelhofer T, Tynan JA, Cagasan L, Tim R, et al. Noninvasive detection of fetal trisomy 21 by sequencing of DNA in maternal blood: a study in a clinical 
setting. Am J Obstet Gynecol 2011;204:205.e1—e11 [39]; Malone FD, Ball RH, Nyberg DA, Comstock CH, Saade GR, Berkowitz RL, et al. First-trimester septated cystic hygroma: prevalence, natural history, and 
pediatric outcome. FASTER Trial Research Consortium. Obstet Gynecol 2005;106:288—94 [58]; Bianchi DW, Platt LD, Goldberg JD, Abuhamad AZ, Sehnert AJ, Rava RP. Genome-wide fetal aneuploidy detection 
by maternal plasma DNA sequencing. MatErnal Blood IS Source to Accurately diagnose fetal aneuploidy (MELISSA) Study Group. Obstet Gynecol 2012;119:890—901[59]). 
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chromosome anomalies has been found with 
cell-free fetal DNA screening. Finally, use of 
this test in a low-risk population (i.e., women 
<35 years old at delivery) increases the risk of 
false-positive results, with the positive predic- 
tive value being <50% for trisomy 21 in this 
population [47]. 

Cell-free fetal DNA technology has been rap- 
idly advancing, and some companies have 
branched out to include some of the more com- 
mon microdeletions (e.g., 22q11.2, Prader-Willi, 
and Angelman). While promising, the inclusion 
of these microdeletion panels on cell-free fetal 
DNA screening tests is fraught with potential 
harm. The prevalence of these conditions in the 
general population is small, if known at all. The 
extremely low prevalence decreases the positive 
predictive value of these tests to well below 
where they are for screening for the common 
trisomies. In certain couples these tests may be 
warranted, for example, if there is a family his- 
tory or ultrasound findings concerning for cer- 
tain conditions and diagnostic testing is not 
desired. However, in the general, low-risk pop- 
ulation this panel is of limited utility at the cur- 
rent time and may cause more patient anxiety 
due to the high rate of false-positive results. 

The use of cell-free fetal DNA screening in 
twins is not recommended by ACOG and 
SMFM as first line, despite its availability with 
some companies using SNP technology. Newer 
data also suggest the sensitivity and specificity 
may continue to be as high as 99% and 100%, 
respectively, in a recent metaanalysis [55]. The 
fetal fraction in twin gestations is higher com- 
pared to gestational-age matched singletons; 
however, there are higher screen failure rates 
in twins. Additionally, when screened the fetal 
fractions from the twins are measured sepa- 
rately, when dizygotic. It is recommended that 
the twin with the lower fetal fraction be used 
to calculate the screening risk as there is an 
increased risk of aneuploidy with a lower fetal 
fraction, but this may result in a lower overall 
reporting rate [56,57]. 
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Summary 


Cell-free fetal DNA for screening for trisomy 
21 performs better than any biochemistry test, 
regardless of whether NT is included; however, 
this test remains a screening test and is not con- 
sidered diagnostic. It is also not recommended 
to be used in parallel with other genetic screen- 
ing options (ie., first-trimester screen, quad 
screen, etc.) at this time, because using multiple 
independent screening tests increases false- 
positive rates. All screen-positive cases should 
receive counseling and be encouraged to have 
confirmatory invasive diagnostic testing. It is 
still not recommended as first-line screening for 
all women in the first trimester as the preva- 
lence of the genetic issues evaluated for cell-free 
fetal DNA is low in that population. 


Diagnostic prenatal genetic testing 


All pregnant patients have the option of 
diagnostic genetic testing. It is estimated that 1 
in 150 live births has phenotypes associated 
with chromosomal abnormalities [60]. The pur- 
pose of diagnostic prenatal testing is to identify 
genetic abnormalities early enough in preg- 
nancy to give the patient options regarding 
pregnancy continuation or coordination of 
pregnancy, delivery, and neonatal care. 
Diagnostic prenatal testing ranges from the 
basic karyotype for aneuploidy to whole- 
exome sequencing (WES). The patient’s deci- 
sion to pursue diagnostic genetic testing is 
often multilayered and dependent on the clini- 
cal situation. With varied options for the level 
of genetic detail examined, comprehensive 
genetic counseling is essential to ensure the 
correct testing is performed based on the 
patient’s desires and clinical indication. 

Common indications for diagnostic prenatal 
testing include: 


e Abnormal genetic screening results; 
e Abnormal ultrasound findings; 
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¢ Known parental carrier status; 

e Advanced maternal age; 

e Family history of genetic condition; 
e Fetal demise/ stillbirth; 

e Parental anxiety. 


Chorionic villus sampling 


CVS involves sampling of the placenta at 10 
0/7—13 6/7 weeks of gestation. Earlier sam- 
pling has been associated with limb reduction 
defects [61]. There are two routes of sampling, 
transabdominal or transcervical. In the transab- 
dominal technique, using continuous ultra- 
sound guidance, a small-gauge needle is 
placed through the abdomen into the placenta. 
Negative pressure created from an attached 
syringe draws the chorionic villi through the 
needle. Continuous motion with the needle 
during sampling has been thought to increase 
the villi yield and aid in varied sample sites. 
The transcervical technique utilizes a flexible 
plastic catheter that, under direct ultrasound 
guidance, is placed through the cervix and into 
the placenta. Villi are collected utilizing the 
negative suction of a syringe. An example of a 
transabdominal CVS needle placement is show 
in Fig. 12.4. 
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The route of CVS is determined by placental 
location and provider preference. In comparing 
both techniques, there does not appear to be 
any difference in pregnancy loss rates or other 
complications [62]. Transcervical CVS is associ- 
ated with more post procedure spotting, while 
transabdominal CVS is felt to be more 
uncomfortable to the patient [63]. Subcutaneous 
lidocaine is administered prior to placement of 
the needle in the transabdominal approach, 
while local anesthesia is not necessary in a 
transcervical approach, unless a tenaculum is 
used to grasp the cervix, in which case a para- 
cervical or local injection into the anterior lip of 
the cervix can been used. In the hands of experi- 
enced providers, CVS is relatively low risk. 
Reported procedure-related loss rates have ran- 
ged from 0.1% to 0.22%, and are lower at high- 
volume centers [62]. 

After the sample is obtained, the villi are 
placed into cell culture medium. The goal is to 
obtain at least 15mg of tissue to allow for 
enough sample to complete all testing. Chorionic 
villi contain three cell lines: the outer synctiotro- 
phoblasts, the middle cytotrophoblasts, and the 
inner mesenchymal cells. Cytotrophoblasts have 
a high mitotic index and can rapidly be exam- 
ined using fluorescence in situ hybridization 
(FISH), which provides results in <2 days. The 
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Sonographic examples of a transabdominal chorionic villus sampling (CVS) on the left and transcervical 


CVS on the right. The arrow points to the placement of the needle/catheter placement into the posterior placenta. 
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remainder of the sample is cultured to evaluate 
the inner mesenchymal cells. The mesenchymal 
cells are more closely aligned to the fetus from 
an embryologic standpoint, therefore awaiting 
karyotype from these cells is the gold standard, 
while the rapid karyotype from the cytotropho- 
blasts may exhibit a false positive. This is of 
importance when performing a CVS for abnor- 
mal cell-free fetal DNA, as it is the cytotropho- 
blasts that contribute the nucleic acids to the 
maternal bloodstream. It is possible to have 
abnormal cell-free fetal DNA from the cytotro- 
phoblasts, and normal mesenchymal cells. 
Additional testing such as microarray, WES, and 
single-gene mutation analysis may also be per- 
formed on CVS specimens. 

The primary benefit of a CVS is the early ges- 
tational age at which it is performed; giving the 
patient definitive genetic results at the end of 
the first trimester or early second trimester. 
Additionally, as viable cells are obtained, testing 
turnaround is typically faster than in amniocen- 
tesis. One of the drawbacks to a CVS is the iden- 
tification of confined placental mosaicism 
(CPM), which occurs approximately 1% of the 
time [63]. Mosaicism is more often detected on 
direct as opposed to cultured specimens. A 
CPM arises when a genetic abnormality occurs 
after embryologic differentiation of the tropho- 
blasts from the inner cell mass. These abnormal 
trophoblasts continue to replicate in the pla- 
centa, while the embryo remains genetically 
normal. CVS results will demonstrate some cul- 
tured cells that are normal, while some are 
aneuploid. Often, the normal cells are found at 
a much higher percentage than the abnormal, 
which supports the concept of trisomic rescue. 
Trisomic rescue occurs when a trisomic embryo 
loses the third copy of the affected chromosome 
in an attempt to return to the embryo to 
euploid. However, the third copy that is lost 
may have paternal or maternal origin, therefore 
it is possible to have a resulting embryo that is 
euploid but with two copies of a chromosome 
from the same parent resulting in uniparental 


215 


disomy. It is important therefore, to perform 
testing for uniparental disomy if the results of 
the CVS involve chromosomes containing 
imprinted genes. 

Patients whose results are suspicious for a 
CPM are advised to have an amniocentesis to 
more directly test the fetal compartment. Ninety 
percent of cases of mosaicism will demonstrate 
normal amniocentesis results, suggesting mosai- 
cism confined to the placenta [64]. Isolated CPM 
has also been associated with abnormalities of 
fetal growth, therefore it is our practice to per- 
form a follow-up fetal growth ultrasound at 32 
weeks to confirm appropriate growth. The 
patient should also be counseled that there is 
still a residual risk of somatic mosaicism in a 
cell line not tested via amniocentesis. The clini- 
cal implication of somatic mosaicism is depen- 
dent on the cell line involved. 

An additional difficulty related to CVS is in 
the case of multiple gestations. While pregnancy 
mapping is essential in assigning chorionicity 
and fetal nomenclature, it is possible to have 
genetic contamination during sampling. This is 
particularly true in the case of fused placentas 
in dichorionic diamniotic pregnancies. The risk 
of inadvertently sampling the same fetus twice 
has been estimated to be <1% [65]. In mono- 
chorionic twins only one placenta need be sam- 
pled, however, the patient should be counseled 
on the possibility of postsplit genetic diver- 
gence. Higher order multiples add additional 
challenges and CVS in this patient population 
should be performed by providers experienced 
with multifetal sampling. 

Performing a CVS is contraindicated in 
patients with isoimmunization, as it is felt to 
further seed the maternal circulation with fetal 
antigen, thereby worsening the degree of isoim- 
munization. Additionally, patients with com- 
municable diseases such as HIV or hepatitis B 
or C should be counseled on the possibility of 
vertical transmission. Transcervical CVS should 
not be performed in a patient with untreated 
gonorrhea or chlamydia. 
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Amniocentesis 


An amniocentesis is typically performed after 
15 weeks of gestation and is a direct sampling of 
the amniotic fluid. Within the amniotic fluid 
there are several fetal cell lines such as fetal skin 
cells, uroepithelial cells, and amniocytes. Most 
of these cells are nonviable as they have been 
sloughed off from the developing fetus. 
Therefore testing results take slightly longer 
with an amniocentesis over a CVS, as there are 
fewer viable cells for culture. Amniocentesis is 
also an ultrasound-guided procedure. A small- 
gauge needle, often 22 or 20 gauge, is placed 
into the amniotic sac, with care to avoid the 
fetus, umbilical cord, and when possible the pla- 
centa. An example of the needle placement dur- 
ing an amniocentesis is seen in Fig. 12.5. To 
avoid maternal contamination, the first few 
milliliters of fluid are discarded. Typically, 
20—30 mL of amniotic fluid is collected, how- 
ever, at earlier gestational ages some providers 
collect 1 mL of fluid per week of gestational age. 
An amniocentesis can be performed at any time 
after 15 weeks, when the amnion and chorion 
have fused. However, if performed in the range 
of periviability, test results are unlikely to be 
available quickly enough for the patient to exer- 
cise the option of pregnancy termination given 
the legal gestational age limit in most states. 
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FIGURE 12.5 Example of the needle placement into the 
amniotic sac at time of amniocentesis. 


Patients tolerate amniocentesis well, with 
minimal discomfort. The collected fluid is sent 
directly to the laboratory to begin the testing pro- 
cess. The loss rate associated with amniocentesis 
is low and comparable to that of CVS at high- 
volume centers, ranging from 0.13% to 0.27% 
[63]. It is difficult to truly discern procedure- 
related pregnancy loss from background preg- 
nancy loss, as many patients who are pursuing 
diagnostic genetic testing are doing so due to 
fetal abnormalities that increase the risk for preg- 
nancy complications. Amniocentesis has also 
been associated with procedure-related rupture 
of membranes. The outcome for procedure- 
related rupture of membranes is more favorable 
then nonprocedure-related rupture of mem- 
branes [66]. Amniocentesis is avoided in patients 
with HIV, and hepatitis B and C. However, the 
rates of vertical transmission in HIV patients 
with undetectable viral load is low. 


Available testing modalities 


Karyotype 


Regardless of the type of procedure for 
obtaining the pregnancy tissue, extensive testing 
may be performed on the samples depending on 
the wishes of the family and clinical situation. 
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Given that aneuploidy is the most common 
abnormality of chromosome number, karyotype 
is likely sufficient to diagnose many genetically 
abnormal pregnancies. In fact, karyotype has a 
diagnostic accuracy of 99% for aneuploidy and 
large chromosomal abnormalities [67]. Sending 
the obtained sample for karyotype alone is most 
warranted in the setting of abnormal aneuploidy 
screening and/or advanced maternal age. FISH 
can be offered to initially evaluate for aneu- 
ploidy on uncultured cells, with initial results 
typically within 2 days. FISH analysis should be 
followed by confirmatory conventional karyo- 
type, performed on cultured metaphase cells, as 
cases of false negatives and positives have been 
reported. FISH analysis can also be used to 
detect large microdeletions or duplications dur- 
ing karyotype analysis. This is particularly use- 
ful in the setting of known family history of a 
deletion or duplication, or when ultrasound 
findings are strongly suggestive of a known 
deletion/duplication syndrome. 


Chromosomal microarray 


Some patients desire to test beyond simple 
karyotype and may opt for a prenatal microar- 
ray. In the setting of a fetal anomaly, the addi- 
tion of prenatal microarray has increased the 
yield of a pathogenic genetic variation to 6% 
with a normal karyotype [68]. Therefore we 
now routinely perform microarray for all pre- 
natal samples in the context of increased risk 
of chromosomal abnormalities due to abnormal 
ultrasound findings. Pathogenic variants have 
been described as occurring in 1.7% of preg- 
nancies with normal karyotype and ultrasound 
findings, therefore, microarray should be con- 
sidered for all patients undergoing diagnostic 
genetic testing [68]. Chromosomal microarray 
is the preferred test for stillbirth as the test can 
be run on nonviable or macerated cells [69]. 

The prenatal microarray is performed on 
either uncultured tissue or on cultured cells. 


217 


Microarray tests can evaluate the entire 
genome looking for copy number variants of 
>50—200 kb. These copy number variants are 
deletions or duplications of sections of the 
DNA, including variants near chromosomal 
breakpoints that allow for evaluation of unbal- 
anced translocations. Microarray is also capa- 
ble of detecting aneuploidy. There are two 
platforms available for microarray analysis: 
SNP arrays and comparative genomic hybrid- 
ization (CGH) arrays. In prenatal microarray, a 
targeted panel of disease-causing regions is 
typically employed to reduce the risk of dis- 
covering variants of unknown _ significance 
(VOUS). It is important to know what is 
included on a prenatal microarray, as neonatal 
findings may warrant additional targeted test- 
ing. Postnatal testing via microarray is typi- 
cally of higher resolution. 

Most of the copy number variants detected 
on prenatal microarray have known associa- 
tions with either pathogenic or benign varia- 
tions. However, there is a risk for a VOUS to 
be detected. This is a DNA change that cannot 
be categorized as benign or pathologic due to 
lack of information regarding phenotypic 
abnormalities association with the variant, and 
may occur in 1.6% of pregnancies with abnor- 
mal prenatal ultrasound and normal karyotype 
[70]. This number has been declining as more 
information is available on copy number var- 
iants that were previously described as VOUS, 
thereby reclassifying them as benign or patho- 
genic. If a patient has a prior microarray that 
resulted in a VOUS it may be resubmitted for 
reclassification. In instances when a VOUS is 
detected, both parents should also be tested as 
the presence of the same VOUS in either parent 
indicates that the copy number variant is likely 
benign. 

Microarray has some additional limitations, 
mainly an inability to detect balanced translo- 
cations or inversions. Most CGH _ platforms 
cannot detect low-level mosaicism or triploi- 
dies. The SNP-based array technique detects 
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triploidy, uniparental disomy, and consanguin- 
ity. Given the increased yield of results, in the 
case of structural abnormalities, chromosomal 
microarray is expected to replace fetal karyo- 
typing [71]. 

When counseling a patient, it is important to 
realize that not all resultant copy number var- 
iants have immediate clinical implications. 
Some results indicate an increased risk for 
adult-onset conditions. In fact, it may be dis- 
covered that one of the parents may also carry 
the same variant, thus revealing their own 
increased risk for disease. Chromosomal 
microarray can also detect consanguinity. The 
knowledge of these results may add undue 
stress during the prenatal period. 


Whole-exome sequencing 


As technology advances, the performance of 
WES has become an increasingly utilized 
option for prenatal genetic testing. InWES the 
entire genome is analyzed and the exons, or 
coding regions, are examined with next- 
generation sequencing for pathogenic varia- 
tion. In the past WES was expensive and time-- 
consuming, with meaningful results often not 
available for months after collection. In the set- 
ting of prenatal genetic testing, this meant its 
clinical value was less useful as patients would 
not have results in time to act. More recently 
results are analyzed and available much quick- 
er, therefore the use of this test has increased. 
Clinically, in the prenatal period, WES is used 
in the case of otherwise unexplained abnormal 
ultrasound findings. Case series suggest a 
genetic abnormality may be detected in 20%— 
30% of fetuses with multiple anomalies when 
karyotype and microarray were normal [72]. A 
more recent prospective cohort study of preg- 
nancies with abnormal ultrasound and normal 
karyotype and microarray demonstrated that 
targeted WES increased the diagnostic yield to 
8.5% for a known pathogenic variant felt to 
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cause the sonographic abnormality, while an 
additional 3.9% of fetuses had a variant of 
unknown significance that had potential clinical 
relevance [73]. This study utilized the concept 
of trio testing, when testing is performed on 
fetal, maternal, and paternal samples. This 
allows for determination of the origin of a 
mutation; either de novo or inherited. Currently 
it is recommended that WES be reserved for 
cases of multiple anomalies when all other test- 
ing has not yielded results. 


Targeted gene mutation analysis 


The use of targeted gene mutation analysis is 
reserved for cases of known familial genetic 
mutations. This is a targeted test of a mutation 
in a gene responsible for a specific disorder or 
category of disorders in the setting of a known 
familial mutation, or when both parents are dis- 
covered to be carriers of recessive conditions. 
Common examples include both parents being 
carriers for sickle cell disease or one parent being 
a hemophilia carrier. In the case of autosomal 
recessive conditions, the results of these tests 
may indicate that the fetus has the disease if both 
copies of the gene demonstrate a mutation, is a 
carrier of the disease if one copy has a mutation, 
or is neither when both copies are normal. 

Additionally, targeted gene mutation analy- 
sis may be used when prenatal ultrasound 
findings are highly suspicious for a known 
condition or category of disorders. A classic 
example would be in the case of targeted test- 
ing for Noonan syndrome in a pregnancy with 
cystic hygroma. In these cases, a more targeted 
testing approach is used to evaluate for the 
most common or likely genetic condition. 
Some laboratories offer panels of genes with 
similar phenotypic findings such as skeletal 
dysplasia. Targeted molecular DNA testing 
may result as quickly as 3 days but most often 
takes 1—2 weeks. The testing time may be 
reduced if there is a known familial mutation. 
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Expanded carrier screening (ECS) is the suc- 
cessor to traditional genetic carrier screening for 
couples seeking, or with, a pregnancy. The goal 
is to identify those couples who are at risk for 
transmitting genetic disorders to their offspring, 
specifically single-gene, or Mendelian, disor- 
ders. Such screening is elective, and patients 
should always have the option to forego such 
analysis. For the most part, disorders included 
in carrier screening protocols are inherited in an 
autosomal recessive (AR) pattern, meaning both 
parents must be carriers in order to produce 
affected offspring. A couple identified as being 
at-risk (both carriers) have a 1 in 4 (25%) chance 
of this occurring. Women may also be asymp- 
tomatic carriers of X-linked recessive disorders 
and an increasing number of these disorders are 
appearing on ECS panels. Transmission of such 
alleles may result in an affected son (50% 
chance for male offspring to be affected). Most 
X-linked recessive disorders are manifested in 
male offspring only because of their hemizy- 
gous state, having only a single X chromosome, 
although exceptions exist. For example, females 
who are heterozygous for a full fragile X 
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mutation may display some features of that 
neurologic disorder. 

The preconception phase of reproduction is 
the ideal time to pursue such screening [1], as 
the pregnancy options are wider. If carrier 
screening is performed prenatally, there may 
be time constraints to performing a full evalua- 
tion of carrier status of both partners, as well 
as subsequent prenatal diagnosis if elected. 

Carrier screening fills a gap in reproductive 
medicine, because most individuals found to 
be carriers have no family history of that disor- 
der. This is in part due to the fact that asymp- 
tomatic carriers of AR disorders will transmit 
the disease-causing allele through several gen- 
erations with no family awareness, given the 
low probability of a mating with another unre- 
lated carrier. Historically, carrier testing was 
only provided to couples after the birth of a 
child affected with some AR disorder, essen- 
tially confirming what was already self- 
evident. Preconception carrier screening is thus 
an important tool to help couples better plan 
reproduction with the goal of avoiding the 
birth of an affected offspring. 


© 2020 Elsevier Inc. All rights reserved. 
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Traditional carrier screening has been based 
on limiting analysis to those populations with 
a given disorder prevalence higher than in the 
general population. In this way, limited 
resources (money) would be used for popula- 
tions with the greatest chance of identifying a 
carrier. The disorders included on lists of genes 
for which carrier screening was performed 
relate to the higher carrier prevalence amongst 
certain ethnic and cultural backgrounds. 


Principles of carrier screening 


Table 13.1 lists examples of those disorders 
for which preconception/prenatal carrier 
screening (hereafter referred to generically as 
carrier screening) are typically offered. 
Common features of these disorders have been 
defined based on long-standing principles of 
carrier screening originally spelled out by 
Wilson and Jungner for the WHO in 1968 [2], 
TABLE 13.1 Common Mendelian disorders for which 
carrier screening is available. 

Disorder 


Target population 


Ashkenazi Jewish and French 
Canadian 


Tay-Sachs disease 


Cystic fibrosis All individuals 
Hemoglobinopathies 
Sickle cell disease African and African-American 


Mediterranean, Asian, Middle 
Eastern, Hispanic, and West Indian 


Beta-thalassemia 


Alpha- 
thalassemia 


Southeast Asian, African, West 
Indian, and Mediterranean 


Fragile X syndrome Positive family history of ID, ASD, 


or POI 


Spinal muscular All individuals 


atrophy 


ASD, Autism spectrum disorder; ID, intellectual disability; POI, 
premature ovarian insufficiency. 
Adapted from Committee Opinion #691, ACOG. 
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although their original statement was designed 
for screening individuals for disease, not car- 
rier status. Nonetheless, such considerations 
help guide decision-making about the design 
of carrier screening programs with the goal of 
helping couples avoid transmitting severe, life- 
threatening, or debilitating disorders for which 
treatment has no or minimal impact. 

Several tenets have been put forth addres- 
sing various elements of carrier screening that 
warrant consideration [3—5]. While interpreta- 
tion of these guidelines may vary from a labo- 
ratory or patient perspective, these principles 
exist to help guide laboratories and clinicians 
in using sound clinical reasoning when offer- 
ing screening for different disorders. 
Traditionally, application of carrier screening 
was straightforward, because the disorders 
being screened have been serious, common (in 
specific populations), and for the most part are 
untreatable or have ineffective treatments. As 
will be discussed later, the introduction of ECS 
has put some of these long-held practices in 
question, and introduced new debate as to 
what categories of genetic disease should be 
included in these protocols. 

While a later section of this chapter will 
address some elements of carrier screening 
related to specific disorders, some general prin- 
ciples include such aspects as the voluntary 
nature of carrier screening, clinical and analytic 
validity, confidentiality, ability to take action 
based on results, cost-effectiveness, and clinical 
utility. Other important points address the dis- 
eases to be included. In general, diseases should 
be serious, of notable prevalence in a popula- 
tion, have reasonable genotype—phenotype cor- 
relation, and well-defined natural history [6]. 


Historic perspectives 
The prototype for widespread reproductive 


carrier screening was the program to identify 
carriers of Tay-Sachs disease (TSD) (OMIM 
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#272800), a deficiency of hexosaminidase A, 
found more commonly in individuals of 
Ashkenazi Jewish (AJ) descent. Given the 
severe and nontreatable nature of TSD, identi- 
fying couples at risk provides an opportunity 
to apply a disease-reducing strategy on a pop- 
ulation known to be at high risk, but with indi- 
vidual members frequently of unknown carrier 
status. Initial screening was performed by mea- 
surement of enzyme levels. Despite the caveats 
of using an enzyme assay (such as indetermi- 
nate enzyme levels, pseudodeficiency, and 
others), the program was immensely successful 
in lowering the birth incidence of children with 
TSD in this population [7]. 

Carrier screening for hemoglobinopathies in 
the United States slowly gained widespread 
use in the 1980s, after reliable diagnosis could 
be established prenatally through amniotic 
fluid cells or chorionic villi. However, uptake 
for prenatal testing for certain hemoglobinopa- 
thies has not been high. Early studies indicate 
fewer than half of couples at risk for sickle cell 
disease in their offspring chose to undergo pre- 
natal testing [8]. Higher rates for uptake of pre- 
natal testing however have been reported for 
beta-thalassemia, with a corresponding reduc- 
tion in birth incidence in high-risk populations, 
such as in Sardinia [9]. 

In the early 2000s, after considerable debate, 
universal screening for cystic fibrosis (CF) car- 
riers was introduced into clinical practice in the 
United States. While over 2500 known muta- 
tions in the cystic fibrosis transmembrane regu- 
lator gene (CFTR) have been associated with 
some form of CF, a small handful are responsi- 
ble for the majority of serious “classic” CF. A 
panel of 23 mutations within this gene has been 
endorsed by the American College of 
Obstetricians and Gynecologists (ACOG) and 
the American College of Medical Genetics and 
Genomics (ACMG) [5], and now constitutes the 
recommended approach to identifying carriers. 
However, detection rates vary among different 
ethnicities, and are usually lower in populations 
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that are not of northern European descent. Such 
a distribution of mutations within certain popu- 
lations affects the “residual risk” that exists for 
someone to carry an undetected disease-causing 
variant within this gene, which will be 
described later. In some populations the resid- 
ual risk remains relatively high. It is for this rea- 
son that some entities, such as commercial 
laboratories, prefer to include a larger number 
of mutations in their CFTR testing assays. 

For years, ACOG and ACMG recom- 
mended offering screening to populations 
with higher carrier rates (northern Europeans 
and AJ) while making it “available” for other 
ethnicities. However, over time it was clear 
that such an approach was cumbersome and 
often misapplied by clinicians. Therefore in 
2011 their guidelines were changed to recom- 
mending universal screening for all indivi- 
duals regardless of ethnicity, either prenatally 
or preconceptionally. 


Other aspects of traditional ethnicity- 
based screening 


Certain populations are known to have high- 
er carrier frequencies for some single-gene disor- 
ders than the general population. This fact has 
served as the basis for developing ethnicity- 
based carrier screening (see Table 13.1). The 
objective is to limit screening to those popula- 
tions where the prevalence is considered suffi- 
ciently high to warrant performance of lab 
testing, thereby maintaining a favorable cost- 
effectiveness balance. This approach has been 
the mainstay of reproductive carrier screening 
for decades. In addition to those disorders men- 
tioned above, other examples include additional 
heritable conditions found more commonly in 
the AJ population. For example, ACOG endorses 
screening this population not only for TSD, but 
also for CF, Canavan disease, and familial dys- 
autonomia [5]. One key feature of an ethnicity- 
based approach using DNA analysis is that only 
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a limited number of mutations needs to be 
assessed, given the predominance of “founder” 
mutations in this population, which tends to be 
endogamous. 

Such a philosophy also applies to screening 
for a variety of hemoglobinopathies, including 
beta- and alpha-thalassemias. Screening for 
these disorders traditionally involves inspection 
of red blood cell indices and/or hemoglobin 
electrophoresis. These assays are relatively inex- 
pensive but can be prone to erroneous interpre- 
tation from conditions such as iron deficiency. 
When results from these screens identify indivi- 
duals with concerning parameters, then DNA 
analysis can be used to confirm (or rule out) car- 
rier status at the molecular level. 

While these approaches have worked rea- 
sonably well for years, new technologies war- 
rant a reconsideration of this traditional 
approach. As will be discussed later, one fea- 
ture of ECS using DNA sequencing techniques 
is that hemoglobin analysis can essentially be 
bypassed, and detection of carriers is accom- 
plished by finding sequence variants. 

There is not universal agreement among pro- 
fessional societies as to which disorders should 
be included on ethnicity-based panels. For 
example, ACOG and ACMG recommendations 
contain different lists of conditions to screen the 
AJ population, ACOG’s recommended set was 
described above. The list of AJ disorders that 
ACMG recommends screening [10] also includes 
Fanconi anemia (group C), Niemann-Pick type 
A, Bloom syndrome, mucolipidosis IV, and 
Gaucher disease type I. Commercial laboratories 
frequently create their own versions of a “Jewish 
heritage” panel, and thus the clinician is left to 
choose from a variety of options, with no clear 
basis for deciding which panel is optimal. 


Universal screening 


The term “universal carrier screening” has 
been defined as offering assessment of a given 
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set of genes to all individuals, regardless of 
ethnicity [11]. The basis for such an approach 
lies in two principal realms: reproductive jus- 
tice, and perhaps more pragmatically, the fact 
that many individuals are now of mixed eth- 
nicity, or uncertain ethnicity. The principle of 
justice in this context implies that all indivi- 
duals should have access to the same content 
and level of care. Such an approach likely sim- 
plifies the offering of carrier screening for the 
clinician (one test that applies for everyone) as 
well as taking into account the possibility of 
mixed ethnicity in the patients. An example of 
this is the recommendation by ACOG and 
ACMG that all patients should be offered 
mutation analysis of CFTR, and more recently, 
of SMN1, the gene responsible for spinal mus- 
cular atrophy [5]. 


Role of expanded carrier screening 


As previously stated, ECS is defined as 
assessment of genetic carrier status beyond tra- 
ditional, ethnicity-based approaches. The num- 
ber of genes that is now offered commercially 
by some laboratories has exceeded 250. While 
this “more is better’ approach has some 
appeal, there are also important caveats that 
the clinician must understand when deciding 
whether to incorporate it into routine clinical 
practice. 

In order to correctly assess the benefits and 
limitations of ECS, numerous organizations 
have weighed in on the properties of such an 
approach. A statement from the European 
Society of Human Genetics is summarized in 
Box 13.1 and was described by Hennemann 
et al. [12]. As stated in this box, carrier screen- 
ing is primarily designed to “facilitate repro- 
ductive decision making” for couples. This 
mandates that well-informed clinicians need to 
be able to provide appropriate pre and posttest 
counseling to patients and couples. It is widely 
recognized that a knowledge gap exists related 
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BOX 13.1 


Principles and objectives of expanded carrier screening 


Primary goal of carrier screening is to facili- 
tate informed reproductive decision-making 

Education 

All options for reproductive management 
should be considered 

Increased equity and reduced stigmatization 
by offering same testing to all 


Ideally performed preconceptionally 


Source: Adapted from Henneman L, Borry P, Chokoshvili D, 
Cornel MC, van El CG, Forzano F, et al. Responsible 
implementation of expanded carrier screening. Eur J] Hum 
Genet 2016;24:e1—12. 


BOX 13.2 


Summary of joint statement on expanded carrier screening in reproductive medicine 


Carrier screening is voluntary 

Conditions vary in severity 

A negative screen does not eliminate risk to 
offspring 

Pretest education and counseling should be 
provided 

The condition should encompass one or 
more of the following: 


Cognitive disability 

Need for surgical or medical intervention 
Detrimental effect on quality of life 
Prenatal diagnosis of the disorder would 
impact further pregnancy management 


to genetic carrier screening that is being 
addressed by several professional organiza- 
tions, such as ACOG, ACMG, and others. 

One source of providing that needed educa- 
tion is a consensus statement that was issued 
by several American professional societies in 
2015 [4]. In this “Points to Consider” state- 
ment, several aspects of counseling for carrier 
screening were delineated (see Box 13.2). 


The genes and variants should have a well- 
understood genotype—phenotype association 

Residual risk estimates should be provided 
to individuals with negative screening results 


Source: Adapted from: Edwards JG, Feldman G, Goldberg J, 
Gregg AR, Norton ME, Rose NC, et al. Expanded carrier 
screening in reproductive medicine—points to consider. A joint 
statement of the American College of Medical Genetics and 
Genomics, American College of Obstetricians and 
Gynecologists, National Society of Genetic Counselors, 
Perinatal Quality Foundation, and Society for Maternal-Fetal 
Medicine. Obstet Gynecol 2015;1225:653—62. 


These included such points as the elective 
nature of screening, the variable severity of 
conditions, the inability to eliminate all risk, 
the potential for multiple conditions to be 
identified, and the potential to be identified as 
having personal health risks. Another major 
aspect of this statement had to do with selec- 
tion of disorders that are included on ECS 
panels. 
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BOX 13.3 


Criteria for disease inclusion on expanded carrier screening (ECS) panel: ACOG 


. Carrier frequency of 1 in 100 or greater 

. Well-defined phenotype 

. Has detrimental effect on quality of life 

. Causes cognitive or physical impairment 
. Requires surgical or medical intervention 


These guidelines are meant in part to add 
some rationale and logic into approaches to 
carrier screening, particularly in the decisions 
about what disorders/types of disorders are 
appropriate to include on the panels. The tech- 
nology now clearly outstrips the understand- 
ing of how best to approach these questions. 
This consensus statement spells out many 
aspects of reproductive carrier screening that 
are essential for providing informed and bal- 
anced counseling for patients prior to undergo- 
ing such testing. 

ACOG has also delineated characteristics of 
disorders that would be appropriate in decid- 
ing which to include on ECS panels (see Box 
13.3). One may argue there are some disease 
characteristics that are poorly defined by this 
list and are somewhat subjective. One couple’s 
definition of “detrimental effect on quality of 
life” may differ considerably from another cou- 
ple. Nonetheless, the basic premise behind 
these criteria is that the disorder should be 
serious, and have neonatal/childhood onset. 
Adult-onset disorders are not typically consid- 
ered appropriate for inclusion on ECS panels 
for reproductive purposes. (This is in contra- 
distinction to the offering of preconception 
assessment of autosomal dominant cancer pre- 
disposition syndromes in individuals from 
high-risk families.) 

Diseases included should have serious and 
early ramifications for the affected individual. 
The disorders may be such that delivery 


6. Onset early in life 


Source: Adapted from American College of Obstetricians and 
Gynecologists. Committee Opinion 690. Carrier screening in 
the age of genomic medicine. Obstet Gynecol 2017;129:595—6. 


should occur in tertiary center, with availabil- 
ity of specialists to manage the anticipated 
newborn issues. Alternatively, the condition 
may be such that couples choose to end the 
pregnancy. Another consideration is to be pre- 
pared to render only palliative care to the new- 
born, an option that should be planned in 
conjunction with neonatologists. 

Undertaking ECS should be elective and 
presented to couples as an option, not a man- 
datory medical test. Not all couples wish to 
face the choices that knowledge of carrier sta- 
tus would entail. Others believe they would 
not change pregnancy management regardless 
of results. An important point to recognize is 
that different patients will make different deci- 
sions regarding such testing. The critical piece 
for the clinician offering the test is to ensure 
those decisions are made with accurate com- 
prehension of the benefits and limitations of 
carrier screening. 

The disorders on the panel should have rea- 
sonably predictable phenotype. This aspect 
becomes muddled for many disorders in which 
expressivity may be highly variable, even 
within a family. For many Mendelian disor- 
ders, there is poor or poorly understood geno- 
type—phenotype correlation. Discussing 
possible variability in prognosis for a fetus 
found to have inherited such a disorder can be 
extremely complex and vexing for the family 
to understand. This is a key feature to include 
in counseling, because uncertainty in medical 
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testing is likely a foreign concept for most 
patients. The inability to accurately provide 
predictions about phenotype may also be a 
compelling reason to exclude a disorder from 
the panel. 

Another consideration about which disor- 
ders to include is whether couples would actu- 
ally alter their reproductive planning or 
management if found to be a carrier. 
Experience indicates that partners of recently 
identified carriers may not follow through on 
determining their own carrier status, for a vari- 
ety of reasons. This is an aspect of carrier 
screening that should be explored prior to initi- 
ating such testing. 

Some ECS panels include disorders that are 
also found on some newborn screening (NBS) 
panels, depending on where the infant is born. 
This may appear to be paradoxical, as the objec- 
tives of the two screening protocols differ. A 
major difference between NBS and prenatal/ 
preconception screening is the inclusion of dis- 
orders on NBS panels are potentially manage- 
able with dietary or environmental adjustments 
postnatally. For example, biotinidase deficiency 
is on most states’ NBS panel, given the manage- 
ment of affected children is biotin supplemen- 
tation, which essentially corrects the metabolic 
issues, and leads to normal phenotypic out- 
comes. Yet, some ECS panels contain evalua- 
tion of BTD mutations, the genetic abnormality 
behind biotinidase deficiency. 

There is no compelling reason to include 
disorders that are mild, readily treatable, or 
that appear only with late onset. For example, 
hereditary hemochromatosis is an adult-onset 
disorder of variable penetrance, and inclusion 
on prenatal carrier screening is of dubious 
value. This disorder was explicitly mentioned 
in the Consensus Statement described earlier 
as one that should not be included on ECS 
panels [4]. 

As studies and experience have shown, 
identification of carrier couples will provide 
information that can lead to avoiding the birth 
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of an offspring afflicted with a serious disor- 
der. In couples choosing to undergo this type 
of screening, such an option has implications 
for not only their immediate family, but other 
family members will also be identified as 
potentially being a carrier, and thus can choose 
to undergo confirmatory or exclusionary test- 
ing [13]. This is referred to as cascade testing, 
and clinicians should be aware that counseling 
patients about this opportunity is an important 
part of holistic care. 


Mutation screening versus gene 
sequencing 


Laboratories differ as to the molecular 
genetic analyses performed in their ECS panels. 
There are two general approaches: mutation 
screening (genotyping) and sequencing. 
Mutation screening is designed to detect a 
known and limited number of pathogenic var- 
iants within the gene, which can range from 
only one to dozens. Sequencing is more com- 
prehensive in that essentially any sequence var- 
iant (with some exceptions) will be detected. 

The advantage of mutation screening is that 
only known disease-causing variants are iden- 
tified and reported. The primary disadvantage 
is not detecting a sequence variant that may be 
pathogenic. Thus the residual risk of being a 
carrier will be higher with mutation screening 
than with a sequencing approach. However, 
there will be no identification of variants of 
uncertain significance (VUS), which therefore 
simplifies counseling about results. 

A major advantage of sequencing is full analy- 
sis of the gene and variants in coding regions, 
splice-site disruptions, and other potential dis- 
ruptors of gene function. Depending on the pro- 
tocol used, some of those insertion-deletions 
(indels, short sequences) or deletion-duplications 
(del-dups, long sequences) may not be detected 
[14]. While full analysis will result in the lowest 
possible residual risk of being a carrier, there is a 
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higher likelihood of identifying a VUS. From a 
clinical standpoint, a high VUS rate is undesir- 
able as it leads to a greater proportion of patients 
left with less reassurance about their own status, 
which makes counseling a challenge. 

No professional society guidelines exist that 
state a clear recommendation for one form of 
analysis over the other. Many factors go into 
selection of the laboratory to provide mutation 
analysis, and in general the clinicians are 
responsible for making those determinations. 
On occasion, there may be a preferred labora- 
tory provider based on third-party payor 
arrangements, and thus the decision may not 
lie solely with the clinician. 


Genotype—phenotype correlations 


There are two aspects of characterizing 
genomic disorders that, for clinical purposes, 
will lead to counseling dilemmas as it relates 
to reproductive medicine. One has to do with 
the phenomena of reduced penetrance and var- 
iable expressivity. Reduced penetrance means 
that not all individuals harboring the same 
gene variant will manifest any features of the 
disorder. If a gene variant is, for example, 50% 
penetrant, then 50% of the carriers of that vari- 
ant will demonstrate some feature(s) of the 
associated disorder. Variable expressivity 
means that the same gene variant can lead to 
different phenotypic features, even within a 
family. These characteristics may be due in 
part to age of patient, unrecognized modifiers 
within a genome, or environmental influences 
that lead to differing phenotypes among indi- 
viduals who carry the same _ pathogenic 
variant. 

The other feature that is important to recog- 
nize is the less-than-perfect interpretation of 
pathogenicity of a novel or uncommon variant 
when it is detected in a laboratory. One criti- 
cism of sequencing analysis for ECS is the lack 
of well-established phenotype predictions of 
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novel variants that are thought to be patho- 
genic, or likely pathogenic. According to 
ACMG guidelines [15], laboratories classify 
variants as “pathogenic” if there is a >99% 
probability of disruption of gene function [16]. 
If there is 90%—99% likelihood of disruption of 
gene functions, the finding is designated as 
“likely pathogenic.” If the variant is <10% 
likely to be disease causing, it is considered 
benign. As will be described later, the remain- 
ing variant interpretations fall into a category 
known as “variants of uncertain significance.” 

Laboratories use a multitude of tools to help 
establish the pathogenicity of novel variants. 
While detailed discussion of these methods is 
beyond the scope of this chapter, the interested 
reader is directed to the most recent Standards 
and Guidelines for the interpretation of sequence 
variants, a joint consensus statement from 
ACMG, Association for Molecular Pathology, 
and the College of American Pathologists [15]. 

However, establishing pathogenicity is not 
synonymous with phenotype correlation. 
Thousands of variants may be classified as 
pathogenic, but the expressivity and pene- 
trance may be unclear. In addition, the pheno- 
type may be highly dependent on the second 
mutation on the other chromosome, and indivi- 
duals homozygous for a given variant may 
have a noticeably different presentation than 
individuals who are compound heterozygous. 
Even within families with the same inherited 
mutations, expressivity can be highly variable 
for a number of disorders. 


Determination of residual risk 


Some ECS panels use mutation screening/ 
genotyping as the analytic method. Depending 
on the number of mutations analyzed, there 
may remain a significant proportion of poten- 
tial disease-causing variants that are unde- 
tected, however, this varies based on the ethnic 
distribution of mutations. For example, by use 
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of the 23-mutation CFTR panel endorsed by 
ACOG and ACMG, an individual of African 
descent is predicted to have 64% of disease 
alleles detected [5]. Contrast that detection rate 
with the 94% detection rate using the same 
panel in an AJ patient. The CF carrier incidence 
in individuals of African descent is about 1 in 
60, and in AJ individuals it is 1 in 24. The resid- 
ual risk for still carrying a pathogenic variant 
in the AJ patient after negative screening with 
that panel is 1 in 380, but for the African- 
American patient, the residual risk is 1 in 170. 
Residual risk is determined by the equation: 
carrier frequency X (1—detection rate). The 
ability to determine residual risk requires 
knowledge of the disease (or carrier) preva- 
lence of the disorder in the population being 
tested, and the proportion of disease alleles in 
that population that are analyzed by mutation 
screening. Providing residual risk estimates is 
an important feature of both pretest and post- 
test counseling. 

If a sequencing assay is used, the residual 
risk will be inherently lower, given the high 
detection rate (large majority of sequence var- 
iants are detected, typically 98%—99 + %). One 
caveat is if the sequencing assay used by a lab 
has low or no detection of other genomic 
alterations, such as nondetection of del-dups, 
genomic rearrangements that require different 
technologies to detect. For many disorders, the 
proportion of disease alleles caused by del- 
dups may not be known. 


Clinical utility of expanded carrier 
screening 


Introducing a new clinical paradigm into 
practice is only of benefit if the target patient 
population accepts it and makes use of it. This 
is the definition of clinical utility. There are 
few studies which have examined the clinical 
utility of ECS. These reports focus primarily on 
whether couples choose to undergo such 
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screening, and what they do with the informa- 
tion they receive. 

To put the utility of ECS into perspective, it 
should be compared to the high clinical utility 
demonstrated with TSD carrier screening 
described earlier. Carrier frequency in the AJ 
population is around 1 in 30 (so birth incidence 
had been about 1 in 3600). With the use of rou- 
tine carrier screening, the birth incidence has 
dropped by 90% in the US Ashkenazi popula- 
tion. Of note, detection of TSD carriers in the 
AJ population has traditionally been with 
enzyme analysis, and/or limited genotyping, 
but a small residual risk for carrier status 
remains. The residual risk is higher in non- 
Jewish populations. With sequencing, >99% of 
disease alleles are detected regardless of ethnic 
background, although labs differ as to reported 
detection rates. 

Similar reductions in birth incidence have 
been reported with other “high’-prevalence 
diseases in other populations. Such an example 
is the impact of CF carrier screening, with cou- 
ples identified as having an affected fetus gen- 
erally choosing to terminate those pregnancies 
[17]. Use of preimplantation genetic diagnosis 
(PGD), donor gametes, or choosing not to have 
offspring are outcomes that also would reduce 
the birth incidence of a given disorder, and 
have been used by couples at risk for CF. 

Haque et al. demonstrated a notable increase 
in identification of at-risk couples using a uni- 
versal ECS platform compared to guideline- 
based approaches [18]. These investigators, 
from a large commercial lab performing ECS, 
demonstrated increased identification using 
modeling based on carrier frequencies among 
different ethnicities determined from their test- 
ing of over 346,000 individuals submitting sam- 
ples. Of note, most of the testing from this lab 
at the time of this analysis was done by muta- 
tion screening, although a sequencing approach 
was introduced for the later specimens. Across 
all populations reported, there was an increase 
in identifying fetuses at risk that would not 
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have been identified with guideline-based test- 
ing alone. These figures are depicted in 
Table 13.2. These data assume all carriers will 
ultimately have their partner tested, one aspect 
of carrier screening in general that has been 
underanalyzed. 

Initial reports have emerged examining the 
utility of ECS by couples seeking assisted 
reproductive technologies. A study by 
Franasiak et al. [19] examined change in repro- 
ductive choices among couples pursuing 
in vitro fertilization (IVF). In a cohort of 6643 
individuals (3738 couples), there were eight 
couples identified as being at risk. While the 
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percentage of couples from the cohort is low, 
those at-risk couples did choose alternate 
reproductive interventions. The ECS assays 
used in this study were primarily genotyping, 
and thus may have not have identified carrier 
status in some people. 

Another study from a large ECS lab in the 
United States examined reproductive behaviors 
in couples identified as being at risk because 
both parents were carriers of pathogenic var- 
iants in the same gene [20]. Using a survey of 
these couples, this group identified 391 respon- 
dents that were either already pregnant when 
ECS results were available, or were planning 


TABLE 13.2 Predicted number of affected fetuses and risk of recessive disease by screening panel utilized. 


actaae oe fl Mean no. of fetuses/100,000 

category ot Pot pregnancies expected to be affected 

parents ———————— 

Adding 

ACOG + ACMG severe + profound 
panel only conditions 

African/African- 316.5 363.6 

American 

Ashkenazi Jewish 174.8 392.2 

East Asian 7.6 129.9 

Hispanic 19.9 94.5 

Middle Eastern 17.7 193.8 

Mixed /other 48.8 153.8 

Caucasian 

Northern 55.2 159.2 

European 

South Asian 20.3 111.5 

Southeast Asian 165.3 207.9 

Southern 54.9 171.2 

European 

Unknown 38.5 150.4 


Cumulative risk for 
couple of all 


Cumulative risk for couple of 
disease on ACOG + ACMG 


panel only severe + profound 
1/316 1/275 
1/571 1/255 
1/13158 1/770 
1/5025 1/1058 
1/5650 1/516 
1/2049 1/649 
1/1812 1/628 
1/4926 1/896 
1/605 1/481 
1/1821 1/583 
1/2597 1/655 


ACOG, American College of Obstetricians and Gynecologists. Carrier screening recommendations in Ref. [5]. 


ACMG, American College of Medical Genetics and Genomics. 


“Severe + profound” refer to disease classification provided by Counsyl, Inc. on their promotional material. 
Adapted from Haque IS, Lazarin GA, Kang P, Evans EA, Goldberg JD Wapner RJ. Modeled fetal risk of genetic diseases identified by expanded carrier 


screening. JAMA 2016;316:734—42. 
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pregnancy. Of those who were pregnant, 37% 
reported undergoing prenatal diagnosis (either 
chorionic villus samplingor amniocentesis) for 
the condition. In the 36% found to have an 
affected fetus, 40% of the pregnancies were ter- 
minated. In couples identified during the pre- 
conception, 77% reported that interventions 
would be taken to avoid an affected pregnancy, 
including preimplantation genetic testing for 
monogenic (PGT-M) (59%), prenatal diagnosis 
(20%), or other measures, such as donor gam- 
ete use, adoption, or avoidance of pregnancy 
altogether. There was also a direct correlation 
between frequency of planned interventions 
and the severity of the disorder, with the high- 
est proportions taken if the couple was at risk 
for “profound” conditions. These data indicate 
that couples receiving appropriate counseling 
pretest and posttest make sound clinical deci- 
sions, and do indeed use the information pro- 
vided by ECS in reproductive planning. 


Options for carrier couples 


The preconception state is ideal for carrier 
screening. If a couple is identified as being at 
risk, then plans can be made to circumvent the 
25% chance of producing affected children. 
Such options include preimplantation genetic 
diagnosis (now termed preimplantation genetic 
testing—monogenic, PGT-M), use of donor 
gametes, adoption, or becoming pregnant and 
undergoing prenatal diagnosis to determine 
whether the fetus is affected. 

The ability to undertake PGT-M requires 
that the lab have the knowledge of the relevant 
mutations, and the capability to perform the 
molecular analysis on pretransfer embryos 
[21]. This is nearly always the case, but some 
exceptions will arise due to the complexity and 
structure of some gene variants. 

There is also the question about PGT-M for 
patients/partners identified with a VUS. In 
general, that is not medically warranted. 
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However, there may be instances where one of 
the reproductive pair carries a pathogenic vari- 
ant, and the other carries a VUS. In order to 
minimize the chance of transferring an embryo 
that may actually end up affected with the dis- 
ease, some parents will opt to not transfer 
those embryos that inherited the two nonnor- 
mal alleles. 

If a pregnancy is already established, the 
only method of determining whether the fetus 
is affected is through diagnostic testing, such 
as amniocentesis or chorionic villus sampling. 
In order for this to be achieved, knowledge of 
the DNA variants is essential. Such couples 
will need genetic analysis prior to undertaking 
the test. New assays involving noninvasive 
approaches to analyzing cell-free DNA frag- 
ments in the detection of Mendelian disorders 
may ultimately be a method for fetal analysis 
that may result in the ability to forego invasive 
testing procedures. 


Carrier screening for X-linked disorders 


Many laboratories include X-linked disor- 
ders on their panels. The most widespread of 
these is for fragile X screening. The FMR1 gene 
contains a trinucleotide repeat (—CGG-—) at its 
5’ end, which can expand during female meio- 
sis (but only rarely during male meiosis). The 
size of the trinucleotide repeat dictates the 
impact on gene function. A normal-size allele 
is up to 44 repeats, and is associated with nor- 
mal gene function. A fully expanded mutation 
contains over 200 repeats, and leads to inhibi- 
tion of gene function. Such an expansion 
results in fragile X syndrome in males who 
carry a full mutation (and about half of females 
that carry a full mutation). Phenotypic features 
of fragile X syndrome are described in several 
excellent reviews [22,23]. Carrier screening is 
designed to detect “premutation” allele sizes, 
which are comprised of 55—200 repeats. These 
are considered an unstable allele size, and are 
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prone to expansion to full mutation size during 
female meiosis. There is a direct correlation 
between premutation triplet repeat number 
and likelihood of expansion to full mutation, 
with larger premutation alleles being more 
prone to expand. Finally, there is also an 
“intermediate” or “gray zone” repeat size 
(45—54) that is more stable than the premuta- 
tion, but has potential for adding a small num- 
ber of repeats during meiosis, possibly into the 
premutation range. 

Health implications for female carriers of 
premutation FMRI alleles are well character- 
ized, and should be discussed with patients 
prior to initiating carrier screening. There is 
approximately a 15% risk for premature ovar- 
ian insufficiency before age 40 [24], but pri- 
mary ovarian insufficiency may occur as early 
as the 20 seconds in some carriers. In addition, 
other manifestations of FMR1 premutations are 
related to risk for fragile X tremor-ataxia syn- 
drome (FXTAS), which is more likely to affect 
men with a premutation allele than women. By 
age 70, about half of men with a fragile X pre- 
mutation may manifest with FXTAS. 

Counseling about the likelihood of FMR1 
expansion can be confusing to patients and 
clinicians alike. One source of this confusion is 
the variability of likelihood of expansion based 
on additional molecular alterations within the 
repeat region. Within the -CGG— repeat region, 
there may be interruptions with —AGG— 
repeats. These interruptions reduce the likeli- 
hood of expansion into the next higher category 
of FMRI disease alleles, at least at the lower 
end of —CGG— repeat numbers [25]. Testing for 
these —AGG— repeats may provide women 
with additional information as they decide 
whether to pursue PGD or prenatal diagnosis 
for fragile X-related conditions. 

Another important feature of X-linked reces- 
sive disorders is the fact that many heterozy- 
gous female carriers may manifest some 
features of the disorder, although typically not 
to the same extent as in hemizygous affected 
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males. One such example is Duchenne muscu- 
lar dystrophy, due to mutation within the 
DMD gene. Female carriers have up to a 20% 
risk of developing a cardiomyopathy [26], and 
should undergo echocardiographic surveillance 
over the course of their lifespan [27]. It is also 
important to note that approximately one-third 
of males diagnosed with Duchenne muscular 
dystrophy are the result of de novo mutations 
within DMD, and thus absence of DMD muta- 
tion in the female parent does not eliminate the 
possibility of having an affected son. 

Finally, it is relevant to note that for X- 
linked disorders, males are not typically 
screened, nor is it indicated to perform partner 
testing if the female patient is found to carry 
such a mutation. Her daughters will have a 
50% chance of being a carrier (like the mother), 
and overall there is a 25% chance of having an 
affected son (50% chance of producing a male, 
and 50% chance of transmitting the X-linked 
disease allele). 


Counseling for consanguineous couples 


Couples who are comprised of third- 
degree relatives (the most common form of 
consanguinity reported) share approximately 
12.5% of their genomes [28]. This in turn 
translates into a higher likelihood that both 
would carry the same recessive alleles (if 
present in the family’s genome) and thus 
such pairings are associated with higher rates 
of AR disorders in their offspring. ECS offers 
such couples far more information than 
would ethnicity-based approaches, so consid- 
eration should be given to use the more com- 
prehensive screening. 

Once again, the preconception period is the 
ideal time to perform such screening, and 
some studies have suggested that performance 
of ECS prior to accepting a marital partner 
would be accepted by some [29]. 
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Counseling regarding variants of 
uncertain significance 


This term applies to a DNA sequence variant 
that has not been convincingly demonstrated to 
be disease causing, nor has it been proven to be 
a benign polymorphism. Most carrier screening 
laboratories do not report the finding of VUS 
given the obvious conundrum of how to use 
such information clinically. (A VUS will be 
reported in other clinical genomic applications, 
such as in attempting to make a diagnosis in an 
individual with some form of abnormal pheno- 
type.) Such sequence alterations should gener- 
ally not be utilized in clinical decision-making 
when identified during carrier screening, as 
association with disease status is unclear. 

Software programs exist to predict what 
effect a given variant might have on protein 
structure or function. While nonsynonymous 
changes, that is, the resulting amino acid is dif- 
ferent from the wild type, may be of concern, a 
synonymous change (no amino acid change) is 
less likely to result in disruption of protein 
structure or function. Those variants which are 
“nonsense,” that is, result in a truncated pro- 
tein, are more likely to be of clinical signifi- 
cance. Occasionally family studies can be 
helpful in assigning pathogenicity to a given 
variant, but this is not usually available in a 
timely fashion. Therefore the majority of labo- 
ratories and clinicians will not seek out, nor 
take action on, a VUS. 

One possible exception is the setting where 
one of the reproductive partners carries a 
known pathogenic variant in the gene in ques- 
tion. If a couple is seeking out preimplantation 
genetic diagnosis, disclosure of a VUS may be 
relevant in identifying those embryos which 
should not be transferred that have inherited 
both the VUS and the pathogenic variant. 
Given the uncertainty of disease state in those 
offspring, some couples would choose not to 
transfer those embryos. 


235 


A VUS is typically only encountered from a 
lab that performs full gene sequencing as 
opposed to one that uses a mutation screening 
platform. Additionally, if a couple is deter- 
mined to potentially be at risk because of the 
presence of a pathogenic variant and a VUS, 
one should consult with the lab that will be 
performing PGD, to ensure it is willing to test 
for the presence of the VUS, because that is not 
universally available. 


Gamete donors 


There is considerable debate over the role of 
the ECS for gamete donors. Current American 
Society for Reproductive Medicine guidelines 
[30] endorse utilization of the same guidelines 
for carrier screening that have been delineated 
by ACOG for biologic parents. The issue has to 
do with rejecting potential donors solely on the 
basis of carrying a pathogenic variant for a 
given disorder. Since most people harbor 
two to three variants in AR genes, the pool of 
“eligible” donors so deemed because of the 
absence of any pathogenic variants will inher- 
ently dwindle to very few. Some ECS panels 
identify pathogenic variants in >75% of indivi- 
duals screened. 

One approach that has been considered is to 
not use donor gametes from carriers only for a 
recipient that has also undergone screening and 
has a variant in the same gene. This is an 
instance when preconception testing of the 
recipient would thus allow carriers of nonmatch- 
ing disorders to serve as suitable gamete donors. 
While this may seem straightforward, logisti- 
cally this approach entails several challenges. 

Another option is for the IVF clinical service 
to retain the ability to check donor genetic sta- 
tus in the event a recipient is found to carry a 
pathogenic mutation. Again, this would 
require significant infrastructure to manage 
such potentialities. 


B. Clinical Scenarios 


236 


Ethical arguments in favor of expanded 
carrier screening 


The ethical principle of patient autonomy 
should lead to a mandate that ECS be made 
available if patients desire such [31]. As ECS 
has now been available for several years, clini- 
cians should have an awareness of its potential 
benefits, and be prepared to offer it to patients. 
ACOG [1] states that ECS is an option to which 
patients should have access, if requested. 

The principle of justice supports any person 
having access to the same testing options as 
others. In settings where payor-mandated rules 
dictate clinical practice, this becomes problem- 
atic. On the other hand, costs for ECS continue 
to drop, and experience at our center indicates 
that some labs are willing to offer payment 
plans to make ECS accessible to more indivi- 
duals. Of more pragmatic importance, indivi- 
duals may be of mixed ethnicity, or unknown 
ethnicity, and using rigid guidelines to deter- 
mine which patient should be offered which 
screening becomes not only impractical but 
unjust. 


Practical arguments opposing expanded 
carrier screening 


As with many new technologies being intro- 
duced into clinical practice, several arguments 
revolve around cost-effectiveness, cost—benefit, 
potential for harm, and clinical utility [32]. 

Payors want some indication of the value of 
a lab test or new approach to screening prior to 
agreeing to cover such tests. Unlike screening 
for high-prevalence disorders in select popula- 
tions (typically ethnic based), using ECS across 
all populations represents a significant change 
in screening protocols. Countries with state- 
sponsored health care seek out the same reas- 
surance of value before deciding about using 
limited resources for a new program [33]. 
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There are limited data on the cost-effectiveness 
of ECS. 

Most of the disorders on ECS panels are 
individually rare. Carrier frequencies will vary 
considerably based on an individual’s ethnic 
background. Even with relatively common dis- 
orders, such as CF, reported carrier prevalence 
ranges from 1 in 30 for northern European 
Caucasian, to 1 in 94 for Asians, which is close 
to the minimum “acceptable” carrier frequency 
of 1 in 100 delineated by the ACOG/ACMG 
consensus statement. 

Counterarguments to the rarity of single 
conditions, though, include the fact that, as a 
group, there is indeed a high likelihood of 
finding carrier status for some condition. As a 
reminder, single-gene disorders account for 
20% of infant mortality, and a high proportion 
of pediatric hospitalizations occur as a direct 
result of genetic disease, so endeavors aimed at 
lowering those rates seem appropriate. 

Perhaps a more compelling argument, how- 
ever, is that new technologies (such as next- 
generation sequencing) allow for analysis of a 
large number of genes for essentially the same 
cost as doing analysis of a single gene. The costs 
have dropped so dramatically, that from an eco- 
nomic standpoint, it makes little sense to only 
perform analysis for one or two disorders. More 
importantly, identification of fetuses at risk is 
more frequently accomplished by using ECS ver- 
sus guideline-based screening as shown earlier. 


Genes on expanded carrier screening 
panels with additional implications 


There are a number of genes which appear on 
ECS panels that convey health risks to the patient 
beyond those relevant to producing affected off- 
spring. These are genes that, even when in a het- 
erozygous state for a pathogenic variant, have 
been associated with direct health implications to 
the carrier. Identifying variants in these genes 
raises additional counseling dilemmas. 
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TABLE 13.3 Genes appearing on some expanded 
carrier screening (ECS) panels that are associated with 
health risk to the heterozygous carrier. 

Gene Health risks to carriers 


Autosomal recessive (AR) 


ATM Increased cancer risk, especially breast 
NBN Increased cancer risk, especially breast 
GBA Parkinson’s disease 


X-linked recessive 


FMRI Premature ovarian insufficiency and FXTAS 
DMD Cardiomyopathy 

GLA Cardiac disease and hypertension 

OTC Hyperammonemia and neurocognitive deficits 


FXTAS, Fragile X-related tremor-ataxia syndrome. 


Some of the genes that are included in cur- 
rently available panels that bear such concerns 
are listed in Table 13.3. Testing such genes could 
be considered a form of presymptomatic testing 
given that it is likely the individual seeking ECS 
may not have symptoms of a genetic disorder. 
Including these disorders warrants special atten- 
tion, as usually patients seeking out ECS are 
already pregnant, and introducing the possibil- 
ity of previously unrecognized health risks at 
such a vulnerable state is likely to produce anxi- 
ety. Identification of carriers of X-linked genes 
on this list poses particular counseling chal- 
lenges, as many biologic phenomena, such as 
skewed X-inactivation, may play a role in the 
likelihood of manifesting any symptoms. Most 
commercial labs offering such testing include 
descriptions of carrier health risks on their web- 
sites or informational material. 


Identifying individuals with two 
pathogenic variants 


Some disorders on commercially available 
ECS panels are so variable in phenotype that 
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identification of an affected (but presumably 
asymptomatic) individual is a possibility. On 
occasion, someone may be found to carry two 
pathogenic variants, and this may indicate that 
both copies of the gene are mutated, that is, the 
variants are in “trans.” Alternatively, both 
pathogenic variants may reside on the same 
chromosome (“cis”) and the other gene allele is 
normal, and the patient thus is indeed just a 
carrier. In either circumstance, partner testing 
should be offered. 

These patients may be able to get clarifica- 
tion of their status by performing family stud- 
ies (e.g., parental testing) to determine whether 
the variants are in cis or trans. If both parents 
are heterozygous for a single variant, then the 
proband is molecularly affected, if not clini- 
cally. All offspring will be at least carriers of 
the disorder. However, if one parent is identi- 
fied with the same genotype (i.e., harbors both 
mutations) or carries neither, then there is 
either nonpaternity, or the proband’s two 
mutations are in cis. 

If family testing is not an option, the patient 
should consider undergoing evaluation to 
assess the disease state. Many such disorders 
are inborn errors of metabolism, and further 
characterization of status may be possible by 
additional laboratory analysis. Such indivi- 
duals would likely benefit by consulting with a 
metabolic specialist. 


Conclusion 


As ECS becomes increasingly utilized in 
reproductive settings, additional evidence of 
its benefits and utility, as well as limitations 
and unanticipated consequences, will accumu- 
late. Current barriers to widespread implemen- 
tation now include cost and utility concerns. 
There is no reason why ECS cannot achieve the 
same success as have other single-gene ori- 
ented screening programs in providing per- 
sonal and public health benefits. It is 
incumbent, however, on clinicians to become 
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well-versed in the tenets and application of 
ECS, in order to provide optimal care for their 
reproductive patients. As there are many 
aspects of carrier screening that may be less 
than self-evident, keeping abreast of changes to 
the preconception and prenatal testing land- 
scape is critical. 
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Introduction 


Preimplantation genetic testing for mono- 
genic diseases (PGT-M) is an alternative to pre- 
natal diagnosis for those patients with a known 
risk of transmitting a Mendelian or single-gene 
disorder to their offspring. Oocytes and/or pre- 
implantation embryos obtained by in vitro fer- 
tilization (IVF) are analyzed and only those 
embryos free of the condition under study are 
transferred to the uterus to achieve pregnancy. 
Therefore the main advantage of PGT-M is to 
increase the likelihood of having an unaffected 
pregnancy, avoiding the difficult decision of 
pregnancy termination after an invasive prena- 
tal diagnosis if results are unfavorable. 

Edwards and Gardner carried out the early 
research in PGT-M [1], determining, in 1968, 
the gender in some biopsies coming from rab- 
bit blastocysts. The first fruitful application of 
PGT-M in humans was_ performed by 
Handyside and colleagues in 1990 [2], who car- 
ried out sexing of embryos by polymerase 
chain reaction (PCR) using primers for ampli- 
fying Y-chromosome-specific DNA sequences 
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to avoid males affected with an X-linked disor- 
der. Those embryos identified as female were 
selectively transferred to the uterus [2]. Later, 
successful PGT-M was reported for cystic 
fibrosis [3], based on the amplification of a 
DNA fragment containing the causative muta- 
tion and its detection by fragment analysis [3]. 
PGT-M is performed in laboratories world- 
wide and its indications have been progressively 
expanded. The exact number of PGT-M cycles 
that have been performed to date is unknown 
and can only be estimated. The European 
Society for Human Reproduction and 
Embryology (ESHRE) PGT-M consortium has 
collected data about PGT-M cycles since 1999, 
showing thousands of PGT-M cycles performed, 
allowing the births of hundreds of healthy chil- 
dren. The last compilation between January and 
December 2010, reported a total of 5732 IVF 
cycles with PGT-M or preimplantation genetic 
screening (PGS), including PGS-sex selection. Of 
these, 2753 (48%) were carried out for PGT-M 
purposes, in which 1574 cycles were performed 
for single-gene disorders, including human leu- 
kocyte antigen (HLA) typing [4]. These ESHRE 
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data represent only a partial record of the PGT- 
M cases performed worldwide, and are indica- 
tive of the general trend in the field. 

A multidisciplinary team and a deep collabo- 
ration between the assisted reproduction unit 
and the genetic laboratory are required for 
PGT-M. Both units can either be colocated 
within the same institute or geographically sep- 
arate. This latter situation requires an effective 
transportation and logistics process; IVF treat- 
ment (controlled ovarian stimulation, oocyte 
retrieval and IVF, embryo culture, and embryo 
transfer) is carried out in an assisted reproduc- 
tion unit and only the biopsied embryonic sam- 
ples are transported to the genetic unit where 
the PGT-M analysis is performed. 

Regarding clinical results of PGT-M, the last 
data collection carried out for the ESHRE con- 
sortium showed that embryo transfer was 
achieved in 81% of PGT-M cycles. The clinical 
pregnancy rate obtained for the cycles was 28% 
per oocyte retrieval and 36% per embryo trans- 
fer, giving an overall implantation rate of 27%. 
Finally, the delivery rate was 24% per oocyte 
retrieval and 31% per embryo transfer, and the 
miscarriage rate was 10% [4]. Nevertheless, it 
is very important to note that there may be sig- 
nificant differences in the clinical outcomes 
between different IVF centers. 

Finally, it is important to know that PGT-M is 
regulated or even prohibited in many countries 
based on national or local laws. In many coun- 
tries, PGT-M can be applied only for serious 
conditions and, sometimes, especially for adult- 
onset conditions, HLA compatibility or even for 
a previously untested disorder, it is necessary to 
apply to a specific national committee to obtain 
approval for performing the PGT-M [5]. 


Indications for preimplantation genetic 
testing for monogenic diseases 


PGT-M is recommended when couples are 
at risk of transmitting a known _ genetic 
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abnormality to their children. Therefore its 
indication is equivalent to conventional prena- 
tal diagnosis. PGT-M has been mainly used to 
analyze well-known autosomal dominant, 
autosomal recessive, or X-linked single-gene 
disorders. Nevertheless, almost all single-gene 
disorders that can be diagnosed in adults can 
be also identified in the embryo. Indeed, the 
conditions for which PGT-M has been applied 
increase annually. Finally, other uses for PGT- 
M include gender selection, HLA typing, and 
late-onset genetic diseases including the identi- 
fication of embryos at risk for hereditary can- 
cers. It is worth mentioning here that some of 
these are forbidden or regulated by law in cer- 
tain countries, and sometimes considered con- 
troversial for some actors. 


Mendelian conditions or single-gene 
disorders 


According to the latest ESHRE PGT-M con- 
sortium data, the most common indications for 
autosomal dominant diseases are myotonic 
dystrophy type 1, neurofibromatosis 1, and 
Huntington’s disease (HD) [4]. In this disor- 
ders, one mutated copy of the gene is enough 
for a person to be affected. In some cases, the 
affected member of the couple has inherited 
the condition from an affected parent. In 
others, there is no history of the disorder in the 
patient’s family and the condition results from 
a new mutation in the gene. When the patient 
requesting PGT-M has a de novo mutation it is 
mandatory to identify the pathogenic variant 
causing the disease. Once the mutation has 
been characterized, this variant can be ana- 
lyzed in the embryo. 

For autosomal recessive conditions, the 
presence of two mutated copies from each 
healthy carrier parent are required for a person 
to be affected. Cystic fibrosis, spinal muscular 
atrophy, and hemoglobinopathies are the three 
most frequently requested indications for this 
mode of inheritance [4]. 
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X-linked disorders are produced by muta- 
tions in genes located on the X chromosome. 
Recessive X-linked conditions are passed 
through the maternal line with the condition 
appearing in males and being carried in females, 
but not usually expressed. Affected males will 
not have risk of affected offspring; none of their 
sons will be affected since they inherit the Y- 
chromosome and all their daughters will be obli- 
gate carriers. Duchenne’s muscular dystrophy, 
hemophilia A, and fragile X syndrome [4] are 
some of the most common conditions for which 
PGT-M has been carried out. Sexing with fluo- 
rescent in situ hybridyzation (FISH) was initially 
widely applied for X-linked disorders in order 
to select female embryos for transfer [6]. 
However, specific testing of the molecular defect 
has replaced FISH due to several advantages. 
First, it allows the identification and subsequent 
transfer of those healthy male embryos that by 
FISH diagnosis would be discarded. Second, 
female carriers may be identified that can be 
excluded from transfer or not, according to law 
or center policy and patient wishes. Indeed, this 
is significant for X-linked dominant disorders 
(e.g., fragile X syndrome), where it is possible 
that carrier females may manifest some symp- 
toms of the disease. 


Late-onset diseases and cancer 
predisposition 


PGT-M has been also applied for single- 
gene diseases that do not develop until adult- 
hood and for cancer predisposition genes [7]. 
For cancer predisposition syndromes that are 
not fully penetrant and for which some form 
of therapeutic measures may be available, 
prenatal diagnosis and termination of preg- 
nancy remain controversial and PGT-M 
appears as an attractive option, preventing 
the difficult decision of termination of an 
established pregnancy. In this sense, the 
Ethics Committee of the American Society for 
Reproductive Medicine published that PGT- 
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M for adult-onset conditions of lesser sever- 
ity and penetrance is ethical for reasons of 
reproductive liberty [8]. Nevertheless, PGT- 
M for adult-onset diseases of less serious or 
of variable penetrance should be considered 
only after patients are carefully and _ thor- 
oughly counseled to weigh the risks of PGT- 
M and IVF for the patient. The counseling 
should also address the patient-specific prog- 
nosis for achieving pregnancy and birth, if 
known, through IVF with PGT-M [8]. Despite 
these ethical and legal issues [9], the number 
of PGT-M cycles reported for this type of con- 
ditions is increasing [4], and the procedure 
has already been carried out for several dis- 
eases, including the common syndromes of 
genetic predisposition to colon and breast 
cancer [7,10]. 

For some adult-onset conditions [e.g., 
Huntington’s disease—(HD)], it may happen 
that patients at risk do not want to perform the 
genetic study to avoid knowing their real 
genetic status in advance (presymptomatic), 
but still they would like to make sure that their 
children do not inherit the mutation in case 
they are true carriers. Unlike prenatal diagno- 
sis, PGT-M for HD allows maintaining the sta- 
tus of the carrier of the mutation blinded [11] 
either by nondisclosure or the less ethically 
and troublesome exclusion tests. In the former, 
the mutation is analyzed but the results are not 
revealed to the patient. This approach has sev- 
eral practical and ethical issues including the 
need of not giving any details of the IVF cycle 
in order to avoid a potential clue about the 
patient’s carrier status. Moreover, a mock 
transfer could be necessary if there are not any 
embryos for transfer so that the patients do not 
guess they are carriers. In the exclusion test, 
those embryos inheriting the haplotype coming 
from the affected grandparent are ruled out for 
the transfer. The drawback in this case is that 
unaffected embryos could be rejected if the 
patient is not a real carrier, which statistically 
happens in 50% of cases. 
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Recently, an even more controversial step 
forward has been taken by Treff et al. [12], who 
have employed the PGT to screen embryos for 
a couple of polygenic disorder risks, hypothy- 
roidism and type I diabetes. According to the 
authors, this additional testing may be used to 
prioritize available embryos for transfer and to 
provide actionable information for long-term 
monitoring [12]. This new approach, regardless 
of other legal or controversial considerations, 
will require comprehensive genetic counseling 
to support its understanding by patients and 
final clinical implementation. 


Human leukocyte antigen typing or 
testing for family matching 


Another controversial but well-established 
indication is HLA matching in which PGT-M is 
employed to conceive a child (with or without a 
specific genetic risk) having a specific HLA com- 
bination for future sample donation; that is, 
compatible cord blood or hematopoietic stem 
cells for transplantation to save an affected sib- 
ling [13]. Hematopoietic stem cell transplanta- 
tion (HSCT) from an HLA-identical donor is the 
best therapeutic option for genetic diseases 
affecting the hematopoietic and/or immune sys- 
tem in children (e.g., 3-thalassemia, Fanconi ane- 
mia, and others), and can also be an effective 
therapeutic option for acquired diseases (e.g., 
leukemia, acquired medullary aplasia) [14,15]. 
Due to the difficulty of finding HLA-identical 
donors for affected children within the corre- 
sponding families or in hematopoietic stem cell 
banks, PGT-M for HLA typing is a realistic ther- 
apeutic approach for some patients. 

It is important to highlight that the law reg- 
ulating the PGT-M for HLA matching depends 
on the country and, in some, HLA-PGT-M 
cases have to be approved case by case by a 
national committee after evaluating the clinical 
and therapeutic characteristics and weighing 
carefully the potential risks and benefits to all 
those involved [5]. 
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PGT-M for HLA typing alone is performed 
for acquired diseases or can be performed in 
conjunction with a single-gene disorder, in 
order to select an embryo free of the inherited 
condition and HLA-matched to an existing 
affected child [13-16]. This approach was 
applied for the first time in 2001 for Fanconi 
anemia [13] and since then has been carried 
out for several different diseases affecting the 
hematopoietic system. HLA testing on preim- 
plantation embryos is usually performed by 
indirect analysis, using short tandem repeat 
markers (STRs) or single-nucleotide poly- 
morphisms (SNPs) as there are many of them 
throughout the HLA region, allowing 100% 
accuracy HLA typing and detecting possible 
recombination events [17,18]. 

It should be noted that the clinical results for 
this indication are expected to be worse than 
those obtained for the classic ones, mainly due 
to the low number of embryos available for 
transfer. In a standard case, where PGT-M will 
be used to select embryos that are both free of a 
specific disease and a HLA match, the chance of 
finding an embryo, that is, both healthy and a 
suitable match is only 18.75% in the case of auto- 
somal recessive conditions, such as_ beta- 
thalassemia. Moreover, most of the patients 
requesting preimplantation HLA typing are of 
advanced reproductive age and, therefore, the 
outcome of the procedure has limited success. 
Indeed, many patients could require several 
attempts before they become pregnant and 
deliver an HLA-identical offspring. Thus 
patients should be counseled deeply to have 
realistic expectations about the procedure and 
should be also well informed about the possible 
risks and complications. Since the development 
of HLA testing, establishing pregnancy, and 
pregnancy itself are time consuming, sadly the 
death of the affected baby may happen before 
the HSCT becomes available [18]. Moreover, as 
reported by Kahraman et al. [18], the stem-cell 
dose obtained from umbilical cord blood is fre- 
quently insufficient, and extra time is needed for 
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the child to gain enough weight to be able to 
donate his or her bone marrow cells. All these 
limitations might increase the time it will take 
for the sick sibling to undergo the transplant, 
aside from the fact that 9 months are required 
for delivery of a successfully implanted embryo. 
Regardless of ethical objections, including 
the instrumentalization of the future child (the 
new child is considered by certain people as an 
instrument to cure another child), the results 
show that this clinical procedure is an option, 
with recognized positive outcomes [13—16]. 


Technologies and testing methods 


Polymerase chain reaction and capillary 
electrophoresis 


Multiplex PCR using fluorescently labeled 
primers designed specifically for the mutation 
of interest combined with primers for closely 
linked STR markers has been traditionally the 
gold standard to perform the PGT-M [19]. The 
method for allele discrimination depends on 
the mutation nature. Thus fragment analysis 
by capillary electrophoresis on an automated 
sequencer is usually performed for those inser- 
tion/deletion mutations and for the analysis of 
the STR markers. The genotyping of point 
mutations requires a postamplification step, 
with minisequencing being the most frequently 
used method for the detection of this kind of 
variant [20]. In the minisequencing technique, 
a primer extension reaction is performed, 
allowing rapid and accurate detection of point 
mutations. The minisequencing primer is 
designed to anneal one base before the target 
site, and it can only be elongated with one spe- 
cific dideoxynucleotide. The four different 
dideoxynucleotides are labeled with different 
fluorochromes, and the products can be ana- 
lyzed on an automated DNA sequencing sys- 
tem. Other strategies, such as amplification 
refractory mutation system [21], restriction 
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enzyme digestion [22], and real-time PCR [23], 
have been also applied in PGT-M. 

The use of multiplex PCR for linkage mar- 
kers alone (so-called preimplantation genetic 
haplotyping) has become widespread in PGT- 
M for monogenic disorders [19] and HLA typ- 
ing [17]. The main advantage is that such pro- 
tocols can be used for several couples, 
independent of the mutation they carry, thus 
saving time and resources in pre-PGT-M work- 
ups. However, the ability to use such indirect 
testing depends on the availability of appropri- 
ate family samples to determine the “at-risk 
haplotype.” Thus in cases where no such sam- 
ples are available or in de novo mutation cases, 
this approach cannot be applied alone, and it is 
necessary to identify the disease-causing muta- 
tion directly in the embryos. 

It is highly recommended to perform a pre- 
PGT-M work up with the samples from the 
requesting couple and from other family mem- 
bers to assess the feasibility of the testing strat- 
egy and to identify the informative STR 
markers that will be used during the PGT-M. 
The analysis of polymorphic markers in DNA 
samples from patients and other relatives iden- 
tifies which alleles are expected in the 
embryos, and the specific marker alleles which 
cosegregate with the mutation. This combined 
approach improves accuracy, minimizing 
potential errors caused by undetected allele 
drop out (ADO) or contamination [24]. ADO 
refers to the amplification failure (or extreme 
preferential nonamplification) of one of the 
two alleles, making a heterozygous locus 
appear homozygous, and potentially leading to 
misdiagnosis. 


Whole-genome amplification for single or 
few embryo cells 


As indicated, PCR methods for DNA varia- 
tion detection, that is, to discriminate the risk 
allele(s) from the normal allele(s), are still 
widely used for PGT-M despite the extensive 
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work-up required for each new disorder tested. 
For day 3 cleavage-stage biopsy, direct muta- 
tion analysis in combination with microsatellite 
markers (STRs) flanking the gene or indirect 
analysis with only multiple STRs can be used 
without initial genomic amplification. The 
advent of trophectoderm (TE) biopsy widens 
the implementation of alternative high- 
throughput genotyping methods in parallel 
with the use of methods for genome-wide 
DNA amplification. 

Following cell lysis and without prior DNA 
purification, whole-genome amplification 
(WGA) was implemented [25] to provide suffi- 
cient DNA template to carry out subsequent 
DNA amplifications or downstream techniques 
including multiple PCR testing, avoiding the 
necessity of extensive optimization of multi- 
plex PCR protocols [26], and genome-wide 
PGT-M methods. These included array-based 
comparative genomic hybridization, SNP 
array, and more recently the use of next- 
generation sequencing (NGS) for low-coverage 
whole-genome sequencing (WGS). Moreover, 
with the use of WGA, combining PGT-M with 
genome-wide embryo testing for aneuploidy 
(PGT-A) was possible using the same sample; 
the aim of the combined approach was to 
improve the clinical results [27]. Finally, WGA 
facilitates repeat testing of the same samples, 
for example, after prenatal confirmation, use in 
proficiency testing, validation, or in the case of 
run failure during a clinical case. 

Several methods for WGA have been devel- 
oped over time and are now available as com- 
mercial kits. Remarkably, any WGA technique 
still should be evaluated and selected in function- 
ing of the downstream application, and this is 
especially true when a single blastomere is biop- 
sied as, despite the large quantities of amplified 
DNA produced, it is well established that certain 
WGA methods yield relatively high ADO rates 
for many loci [28]. This potential limitation can 
be circumvented with the application of 
enough linked markers to avoid misdiagnosis; 
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alternatively, it can be reduced with the use of 
TE biopsies [27]. Regarding clinical indications, 
multiple displacement amplification (MDA) is 
recommended for haplotyping, whereas dis- 
placement degenerate oligonucleotide-primed 
PCR is the method of choice for detection of chro- 
mosomal copy number variation. Nevertheless, 
proper evaluation regarding genomic coverage 
and potential technical errors like ADO will indi- 
cate which method performs better in each labo- 
ratory, also depending on the available 
infrastructure, equipment, and staff expertise. 


Single-nucleotide polymorphisms arrays 


SNP arrays are high-density oligo arrays 
containing probes for SNPs located throughout 
the entire genome. These arrays are scanned, 
and SNP genotypes are called based on the 
fluorescence and the ratio of hybridization 
intensities for the two SNP alleles. The best 
known SNP array is a commercial array known 
as karyomapping. This is commercialized as a 
comprehensive, robust, off-the-shelf method 
for linkage-based testing of almost any single- 
gene disorder [29]. A set of informative SNP 
markers are identified for each of the four 
parental chromosomes by means of the analy- 
sis of several hundred thousand SNPs through- 
out the genome in the parents [29]. The phase 
of the alleles for each informative SNP locus 
along each chromosome and linkage of the risk 
alleles with the parental chromosomes can 
then be established by reference to the geno- 
type of a relative of known disease status [29]. 
The main advantage of this platform is that it 
is applicable to any familial single-gene disor- 
der, or any combination of loci, within the 
chromosome regions covered by informative 
SNP loci, eliminating the need for developing 
patient- or disease-specific tests [29]. 

Currently, it is possible to determine both 
monogenic diagnosis and aneuploidy detection 
(plus HLA haplotyping) by PGT-M using the 
same sample. For this reason, a single assay 
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using the same platform to detect simulta- 
neously both chromosomal and monogenic dis- 
orders is desirable. Since karyomapping defines 
unique sets of SNP markers for each of the 
four parental chromosomes, it is such a 
method by allowing accurate identification of 
the region of interest containing the mutation 
and simultaneous high-resolution molecular 
cytogenetic analysis [30,31]. Meiotic trisomies 
can be identified by the presence of both haplo- 
types from one parent in segments of the chro- 
mosome, resulting from the inheritance of two 
chromosomes with different patterns of recom- 
bination, in combination with a single haplo- 
type from the other parent. Moreover, 
monosomies or deletions can be identified by 
the absence of one of the parental haplotypes 
[29,32]. However, at present karyomapping is 
not commercially validated for aneuploidy 
screening and does not readily detect mitotic 
trisomies nor simple copy number variation. 

The main disadvantages of the karyomapping 
approach are that diagnosis is challenging or 
even not possible when insufficient informa- 
tive SNP markers are available (e.g., in some 
telomeric genes), or when pseudogenes are 
involved. Moreover, it cannot be used for de 
novo mutation cases or when other tested fam- 
ily members are not available to provide sam- 
ples as a reference or are not informative 
owing to recombination [29]. In such cases, 
direct mutation testing from at least one 
embryo is necessary to establish the phase [32]. 
This limitation will be even more relevant as 
more carrier screening tests are performed 
which identify cocarriage of mutations in the 
same gene among couples with no family his- 
tory or affected children—the historic source of 
referrals for PGT-M. 


Next-generation sequencing -based 
haplotyping 


In general, NGS is currently used and grad- 
ually being optimized for the detection of rare 
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and common genetic variants due to its broad- 
er coverage and decreasing cost per genomic 
data. As before, the implementation of the TE 
biopsy and DNA amplification methods 
(WGA) allowed testing the use of NGS for 
PGT-M. NGS, also known as massive parallel 
sequencing, implies the analysis of multiple 
genetic loci (sequencing data or reads) for mul- 
tiple (embryo) samples simultaneously. As 
with previous high-throughput strategies, NGS 
also allows the combined testing of aneuploidy 
and single-gene disorders from the same TE 
biopsy using a single platform. Several 
approaches have been developed, including 
targeted locus-specific and genome-wide hap- 
lotyping-based methods 

Regarding PGT-M, early published studies 
showed the possibility of NGS to test embryo 
cells. In 2013, Treff et al. evaluated a targeted 
NGS protocol to test DNA from TE biopsy [33]. 
Results were consistent with two conventional 
methodologies of PGT-M [33]. However, a 
major concern at that time was errors due to an 
intrinsic sequencing process and insufficient 
sequencing depth, potentially causing a false 
positive or a failure to identify a mutation 
(false negative), that is, false results due to the 
presence of sequencing artifacts and ADO, 
respectively. Another proof-of-concept study 
for the use of NGS used WGS to detect de 
novo single-nucleotide and short indel muta- 
tions, by sampling 5 to 10 cells from blastocyst- 
stage embryos [34]. As indicated by the 
authors, >95% of each embryo genome was 
called, thus allowing detection and phasing for 
up to 82% of de novo single-base variants with 
a false-positive rate of about one error per giga- 
byte (of sequencing) data, that is, about 10 
sequencing errors per embryo or about a 100- 
fold lower error rate than previously pub- 
lished. As suggested by the authors, phased 
WGS could be used as part of the PGT process 
to comprehensively detect disease-causing 
mutations in order to reduce the incidence 
of genetic diseases. Almost simultaneously, 
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Yan et al. published a combined PGT strategy 
using an NGS procedure that was able to 
simultaneously detect a single-gene disorder 
and aneuploidy [35]. The MARSALA strategy 
“Mutated Allele Revealed by Sequencing with 
Aneuploidy and Linkage Analyses” combined 
NGS and single-cell WGA methodologies. The 
main limitation of this approach was the 
requirement for private adaptation of the pro- 
tocol to each family mutation. 

An interesting genome-wide approach was 
presented by Del Rey et al. [36]. Using TE biop- 
sies and testing different WGA methods, the 
authors applied a commercially available in 
solution capture kit to recover and sequence 
DNA fragments specific for more than 4800 
disease-associated genes. Aiming to develop a 
new diagnostic tool to increase the implanta- 
tion rate in the PGT cycles, they used this strat- 
egy for a single workflow for direct detection 
of family mutations, an indirect approach 
through linkage analysis of heterozygous 
SNPs, together with the evaluation of the cyto- 
genetic status of the embryo. The authors indi- 
cated that by using this new method, no set up 
for the direct and indirect mutation detection is 
needed and it simultaneous allows detection of 
any cytogenetic imbalance independently from 
their origin. 

Although several NGS solutions are avail- 
able commercially, their clinical use remains 
limited when compared to alternative meth- 
ods. Also, technical constraints of the main 
NGS strategy (so called short-read NGS) limit 
the use of this technology for direct testing of 
certain types of mutations such as dynamic 
mutations (trinucleotide repeats), certain 
frameshift and gene rearrangements, and/or 
copy number variations. In addition, bias intro- 
duced during the DNA amplification process 
may lead to misinterpretations; indeed, WGA 
methods perform differentially for efficient 
aneuploidy testing when compared to single- 
gene or mutation testing. Finally, biological 
scenarios like embryo mosaicism need better 
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knowledge to understand the potential impact 
for clinical diagnosis accuracy. Therefore fur- 
ther studies and new developments are needed 
to achieve a universal NGS protocol to be used 
routinely in most clinical cases of PGT-M to be 
combined with PGT-A. 


Simultaneous embryo testing for 
preimplantation genetic testing for 
monogenic diseases and preimplantation 
genetic testing for aneuploidies 


The high incidence of chromosomal abnor- 
malities in human embryos obtained by 
assisted reproduction techniques leading to 
miscarriages and implantation failures has 
been well described [37,38]. Couples requesting 
PGT-M to avoid transmission of single-gene 
disorders are not without these same problems 
even though they are often considered as 
“fertile.” For this reason, the simultaneous 
analysis of the disease and the presence of 
aneuploidies, selecting for transfer those PGT- 
M “unaffected” and simultaneously euploid 
embryos can be a benefit from them also. 

Several studies have shown significant 
improvement in rates of pregnancy and live 
births following testing for aneuploidy in 
patients undergoing IVF for infertility [38,39]. 
The use of WGA product provides a straightfor- 
ward solution for performing the simultaneous 
analysis of PGT-M and aneuploidy screening 
using the same sample. In this sense, the clinical 
use of simultaneous detection of monogenic 
and chromosomal disorders using different 
technologies has been reported several times 
[30,35,40,41]. Rechitsky et al. published one of 
the first articles where the simultaneous detec- 
tion of cytogenetic disorders and cystic fibrosis 
was described [40]. In 2015, the first systematic 
study of PGD combined with aneuploidy 
screening was published by the same group, 
demonstrating an increase in the pregnancy rate 
from 45.4% in the conventional PGD to 68.5% 
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with combined aneuploidy screening and a 
threefold reduction in spontaneous abortion 
(5.5% vs 15%) [41]. 

Our retrospective data indicate that 43.6% of 
the embryos diagnosed at blastocyst stage as 
normal for the genetic disease have some chro- 
mosome abnormalities [42]. Specifically, 16.3% 
of those PGT-M normal embryos showed triso- 
mies or monosomy X that could lead to miscar- 
riage if transferred. A further 20.2% of PGT-M 
normal embryos were carrying some monoso- 
mies that could result in implantation failure. 
Therefore these results, in line with other stud- 
ies [41,43], indicate that the combination of 
accurate PGT-M and detection of chromosome 
aneuploidy may improve implantation and 
rates of healthy live births. 


Limitations 


As with any genetic test, PGT-M presents 
certain limitations. First, it is mandatory that 
the disorder which is intended to be diagnosed 
has a comprehensive and accurate genetic 
characterization to at least identify the gene 
responsible for the condition. Thus some con- 
ditions, including autism and some immuno- 
logical disorders, where the causes remain 
unidentified are not suitable for PGT-M. 

Moreover, as PGT-M involves both an IVF 
procedure and a selection procedure based on 
genetic testing, it is important to predict the 
number of unaffected embryos expected for 
transfer prior to starting the procedure. There 
are several factors that may affect that number. 
Thus it will depend on the embryo quality and 
the theoretical risk according to the genetic dis- 
order (e.g., dominant, recessive, and X-linked). 
On the other hand, it is well known that chro- 
mosome aneuploidy is the major cause of IVF 
failure and miscarriage. In this sense, the 
woman's age and the presence of other addi- 
tional factors, including male factors, are 
aspects to consider during the treatment, as 
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they increase the production of incompetent 
gametes. In conclusion, a sufficient number of 
embryos should be analyzed to obtain nonaf- 
fected embryos for transfer and to benefit 
patients. Advances in vitrification procedures 
have made it feasible to batch oocytes or 
embryos to reach a minimum number of 
embryos for analysis if needed. 

One final significant point regarding PGT-M 
concerns patient and clinician expectations. 
PGT-M minimizes the risk for the disease for 
which the couple has a high risk of transmit- 
ting to their offspring but does not provide a 
guarantee of a completely healthy baby. There 
is always a small risk of misdiagnosis due to 
the existence of biological and technical limita- 
tions (mosaicism, ADO, recombination, and 
contamination), and therefore couples should 
always be advised about the possibility of pre- 
natal diagnosis to confirm results. Moreover, 
sometimes couples assume that they will have 
a normal healthy child following successful 
PGT-M for a specific disorder, forgetting that a 
more cryptic disorder may be present which 
was not what was causing the disease identi- 
fied previously in the family. Furthermore, no 
other genes or even mutations within the same 
gene are analyzed and, if chromosomes are not 
analyzed, an aneuploid but genetically unaf- 
fected embryo may be transferred. The entire 
procedure should always be explained in detail 
before the treatment to ensure that couples are 
informed about the potential risks and 
limitations. 


Conclusion 


PGT-M can be used to screen embryos for 
almost any kind of genetic disorder in which 
the genetic cause is characterized, increasing, 
year by year, the number of indications and 
the total number of PGT-M cases. The imple- 
mentation of preconception carrier screening 
tests for couples with no family history of a 
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specific genetic disease will increase the num- 
ber of PGT-M cases further. With the improve- 
ments in the technologies, best practice 
guidelines, and the implementation of external 
quality assessment and laboratory accredita- 
tion programs [44—46] PGT-M analysis has 
reached a high level of accuracy and has 
enabled the possibility of performing multiple 
diagnoses from the same sample. The diagno- 
sis of a monogenic disease can be combined 
with HLA typing and/or with the detection of 
chromosomal abnormalities allowing repro- 
ductive outcomes to be improved. 
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Preimplantation genetic testing 


Preimplantation genetic testing (PGT) 
encompasses a wide variety of methods for the 
analysis of genetic material sampled from early 
human embryos, prior to the establishment of 
a pregnancy. Thus far, PGT has been used 
almost exclusively in combination with in vitro 
fertilization (IVF) treatment, and is deployed 
either to avoid the transmission of inherited 
disorders or in an attempt to improve IVF 
treatment outcomes. In the former case, 
embryos from couples known to be at high risk 
of passing on a familial condition are tested 
and only those found to be free of the disorder 
are considered for transfer to the mother’s 
uterus. Since genetically abnormal embryos are 
never transferred, any pregnancies established 
are expected to be free of the condition and 
pregnancy terminations and affected births are 
thus avoided. When applied to the detection 
and avoidance of conditions caused by muta- 
tion of a single gene, this strategy is referred to 
as preimplantation genetic testing for mono- 
genic disease (PGT-M). The use of PGT to 
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enhance IVF outcomes has focused on the 
detection of chromosome abnormalities, which 
are common in human _ preimplantation 
embryos and are the principal cause of failed 
embryo implantation and miscarriage. The 
transfer of embryos found to be chromosom- 
ally normal, in preference to those that are 
aneuploid, has been reported to lead to a high- 
er probability of a live birth per embryo trans- 
ferred and lower rates of miscarriage [1—3]. 
This approach is known as preimplantation 
genetic testing for aneuploidy (PGT-A). 
Essentially, PGT can be divided into two 
components: (1) embryological, which involves 
many aspects of routine IVF, but also a method 
of collecting DNA from the embryos; (2) 
genetic, which involves the processing and 
analysis of the genetic material in order to 
yield a clinically useful result. Both of these 
aspects of PGT have seen considerable evolu- 
tion in the 30 years since the first cases. For 
many years the dominant method for obtaining 
genetic material involved the biopsy of cells 
(blastomeres) from cleavage-stage embryos. In 
most cases, only one cell was removed for 
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testing. However, the last decade has seen a 
dramatic shift in practice, with blastomere 
biopsy increasingly abandoned in favor of 
sampling several trophectoderm cells at the 
blastocyst stage. The reason for the change in 
practice is related in part to the fact that genetic 
tests are more accurate and robust when sev- 
eral cells are available for analysis, rather than 
just one. Nonetheless, a more important expla- 
nation is the growing evidence that removal of 
a single blastomere at the relatively fragile 
cleavage stage has the potential to impair sub- 
sequent development, leading to lower preg- 
nancy rates for biopsied embryos [4]. 


Noninvasive preimplantation genetic 
testing 


While existing data suggest that trophecto- 
derm biopsy has little impact on blastocyst via- 
bility, methods vary widely and there is no 
consensus concerning the optimal technique 
for cell removal. It would be naive to think that 
blastocyst biopsy is entirely without risk to the 
embryo, although any danger might be mini- 
mal when carried out by an experienced 
embryologist working in a well-optimized lab- 
oratory. The desire to test preimplantation 
embryos without negatively impacting their 
viability has led to interest in noninvasive 
methods of obtaining genetic material from 
cultured IVF embryos. Additionally, embryo 
biopsy typically necessitates investment in spe- 
cialist equipment (e.g., a laser), as well as 
requiring the skills of an experienced embryol- 
ogist. The training of staff, purchase and main- 
tenance of equipment, as well as ongoing 
salary expenses, add greatly to the costs of 
PGT. The possibility of an approach to PGT 
that avoids the need to biopsy embryos is 
therefore also desirable from an economic 
perspective. 

Some research has focused on obtaining an 
indirect evaluation of the genetic competence 
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of oocytes or embryos, such as by attempting 
to establish correlations between chromosomal 
status and patterns of gene expression in 
cumulus cells [5], or associating proteomic sig- 
natures with aneuploidy [6]. However, most 
studies undertaken with the aim of delivering 
a noninvasive genetic assessment of embryos 
have focused their attention on embryonic 
DNA found in the culture medium or in the 
blastocoel cavity. 

The first indication that the blastocoel cavity 
might contain DNA suitable for genetic analy- 
sis was published by Palini et al. [7]. The 
sampling procedure, sometimes termed “blas- 
tocentesis,’” involves piercing the trophecto- 
derm using an ICSI pipette and careful 
aspiration of the fluid within [6,8]. The collapse 
of the blastocoel cavity is a standard part of 
some blastocyst cryopreservation techniques 
and is not thought to be damaging to the 
embryo [9,10]. Thus, blastocentesis can be con- 
sidered a minimally invasive method, which 
requires less skill than embryo biopsy and can 
be undertaken without a laser. 

Efforts to perform PGT using genetic mate- 
rial from blastocoel fluid (BF) have encoun- 
tered some technical challenges, likely related 
to the low quantity and degraded condition of 
the DNA [7,11,12]. To date, most studies have 
employed whole-genome amplification (WGA) 
in order to increase the total amount of DNA 
available prior to analysis of individual genetic 
loci or chromosomal copy number. This 
approach has met with variable success, with 
published amplification rates ranging from 
34.8% to 87.5% for the blastocoel samples stud- 
ied [7,8,11—16]. In general, results suggest that 
DNA amplification from BF is achieved less 
often than from biopsied cells, but that when 
WGA is successful the proportion of the 
genome accessible is similar to that obtained 
from cell specimens, and that the DNA is 
suitable for downstream analysis of specific 
genetic loci. However, most studies have only 
assessed small numbers of samples and at least 
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one report indicated lower concordance when 
blastocoel fluid-DNA (BF-DNA) and trophecto- 
derm biopsies were compared in the context of 
PGT-M [15]. 

While there are currently insufficient data 
showing the suitability of BF-DNA for PGT-M 
for this to be considered clinically, results for 
chromosomal analysis have been somewhat 
more encouraging. An analysis of BF from 116 
blastocysts [8] achieved successful WGA in 
82% of samples, which although lower than 
rates typically observed for trophectoderm 
biopsy specimens nonetheless represents one 
of the best series of results reported thus far for 
BF. The cytogenetic concordance (considering a 
simple euploid or aneuploid classification) of 
BF with respect to polar bodies, blastomeres, 
and trophectoderm biopsies, was 97.9%, 97.7%, 
and 98.4%. Recently, the same group compared 
paired BF samples and trophectoderm biopsies 
from 256 blastocysts and reported 96% concor- 
dance for euploid versus aneuploid diagnosis. 
However, some groups have found it more dif- 
ficult to obtain meaningful results from BF 
samples, with concordance rates varying from 
~30% to 60% [13,15]. It is unclear whether var- 
iations in the results of BF analysis are related 
to differences in procedure (some of which 
may damage cells and enhance the likelihood 
of DNA release), differences in patient popula- 
tions, or simply related to the small sample 
sizes in many published studies. 

Perhaps a more promising noninvasive pre- 
implantation genetic testing (niPGT) approach 
could be examination of the embryonic DNA 
present in the media in which embryos are cul- 
tured. Several studies have investigated mole- 
cules secreted into the medium by embryos 
(the secretome) and considered their potential 
to provide information concerning viability. 
Factors analyzed have included metabolites, 
proteins, interleukins, and  micro-RNAs 
[17—20]. In the case of genetic analysis, the 
detection of embryonic DNA in spent culture 
medium (SCM) has been reported as early as 
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days 2 and 3 of development [21—26]. Most 
analyses of DNA in SCM have been carried out 
after culture from day 3 to days 5 or 6. The 
amplification rates achieved from such samples 
have typically been superior to those reported 
after blastocentesis, but still inferior to those 
obtained following cellular biopsy, suggesting 
that while DNA in the SCM is of low abun- 
dance and/or degraded it is a less challenging 
substrate to work with than genetic material 
from the blastocoel [24,27]. Attempts to per- 
form WGA using SCM have yielded encourag- 
ing results, with 81.8%—100% of samples 
amplifying [28-33]. Individual loci can be 
amplified from WGA products with high effi- 
ciency, although appreciable rates of allele 
dropout (ADO), and a high incidence of mater- 
nal DNA contamination in some studies, indi- 
cate that there still remain substantial obstacles 
to the use of cell-free DNA for PGT-M 
[15,24,30]. In one study of 72 SCM samples, 
89.7% of loci were successfully amplified, less 
than accomplished using trophectoderm 
biopsy (100%), but superior to results from BF 
samples (27.4%). Unfortunately, the accuracy 
of the genotyping results obtained was 
impacted by DNA contamination, only 20.8% 
of SCM samples displaying full concordance 
with paired trophectoderm biopsy specimens. 
Initial investigations into the use of SCM for 
PGT-A demonstrated that DNA was present in 
the majority of cases [31]. However, while 
amplification rates for SCM samples often 
exceeded 90%, the cytogenetic concordance 
with the corresponding embryos was often 
low. Subsequent studies using different ampli- 
fication methods have improved amplification 
and accuracy rates. In a recent study by Xu 
and coworkers [33], a chromosome copy num- 
ber evaluation was successfully obtained in 
100% of samples and the concordance with 
respect to associated embryos was 85.7% 
(when defined as euploid or chromosomally 
abnormal). It is clear that methods for PGT-A 
using SCM still require optimization. For 
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example, the ideal volume of culture medium, 
the optimal DNA amplification method, and 
the correct time for SCM sampling, all remain 
unknown. Thus far, results suggest that PGT-A 
data from SCM samples are better when cul- 
ture volumes are smaller than typically used in 
IVF clinics, and when the embryos are more 
advanced in their development. In a study by 
Lane et al. [29], 178 embryos and associated 
SCM samples were examined. Amplification 
was successful in 94% of SCM samples and, 
while rates of ploidy concordance with corre- 
sponding trophectoderm biopsies were low 
(65.4%) for day 3 to day 5 cultures, they 
exceeded 95% when culture commenced on 
day 4. 

Technical optimizations will also have to 
take into consideration how best to avoid DNA 
contamination. The scale of this problem was 
highlighted by Vera-Rodriguez et al. [32], in a 
study involving analysis of days 3-5 SCM 
from 60 embryos. Chromosome copy number 
information was obtained from 91.6% of SCM 
samples, while 100% of trophectoderm biopsies 
from the corresponding embryos yielded a 
result. Only 33.3% of informative paired sam- 
ples were concordant in their aneuploidy diag- 
nosis (the lowest concordance rate reported 
among SCM studies), while the remaining 
samples displayed chromosomal patterns 
consistent with maternal contamination. This 
suggests that contamination may be the pre- 
dominant cause of discordant results between 
SCM and embryo biopsy specimens, at least in 
some published studies. 

In summary, the recent identification of 
embryonic DNA in the BF and SCM has led to 
substantial interest in the potential for mini- 
mally invasive PGT. By avoiding embryo 
biopsy, it is anticipated that the costs of PGT 
could be reduced and any risks to the embryo 
of genetic testing almost entirely removed. 
However, questions remain concerning the 
accuracy of current niPGT strategies. The 
quantity of DNA in BF and SCM samples is 
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low and the integrity is likely to be relatively 
poor, presenting challenges for genetic analy- 
sis. Optimal methods for the collection, ampli- 
fication, and analysis of extraembryonic DNA 
all remain to be defined. Furthermore, it is not 
yet certain whether routine embryo culture 
techniques will have to be altered in an effort 
to concentrate the DNA in media samples and 
reduce the risks of contamination. It will also 
be important to confirm the origin of extraem- 
bryonic DNA: whether it derives from the 
inner cell mass, the trophectoderm, or both; 
whether aneuploid cells in mosaic embryos 
undergo apoptosis more often than euploid 
cells, thus contributing disproportionately to 
the DNA in the medium/blastocoel. While 
there is no guarantee that niPGT will ever be 
able to replace embryo biopsy for clinical diag- 
nosis, the potential benefits of such a tech- 
nique, if proven accurate, are substantial and 
consequently it is inevitable that this will 
remain an active and interesting area of 
research over the next few years. 


Future perspectives in preimplantation 
genetic testing for monogenic disease 


The amount of DNA obtained from a preim- 
plantation embryo biopsy is too low to permit 
a direct analysis and consequently some form 
of DNA _ amplification is necessary. 
Conventional approaches for PGT-M utilize 
multiplex PCR, simultaneously amplifying sev- 
eral distinct loci that together provide the 
information necessary for an accurate diagno- 
sis. Typically, the DNA fragments amplified 
include the mutation site and several linked 
informative polymorphisms. The inclusion of 
polymorphisms, situated in close proximity to 
the affected gene, provides an indirect means 
of detecting inheritance of the chromosome 
carrying the mutation. Since individual poly- 
merase chain reaction (PCR) fragments can suf- 
fer allele dropout (ADO—the failure of 
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amplification from one of the two chromo- 
somes in a cell), the utilization of redundant 
tests, which analyze several amplified frag- 
ments and provide additional opportunities to 
detect the presence of the mutant gene, are of 
great importance. Furthermore, if multiple 
polymorphisms are used, they have the poten- 
tial to provide a DNA fingerprint for the 
embryo, which can help to reveal the presence 
of contamination when it occurs. 
Multiplex-PCR strategies used for PGT-M 
frequently require an extensive investigation, 
prior to clinical application, in order to identify 
polymorphic markers that are informative in 
the family seeking PGT. Additionally, simulta- 
neous amplification of several separate poly- 
morphic sites, as well as parental mutations, all 
from an extremely small number of cells, pre- 
sents technical challenges and requires optimi- 
zation of reaction conditions. The need to 
develop optimized, family-specific tests often 
leads to a delay in the initiation of patients’ 
cycles and increases the cost of PGT-M, with 
consequent reductions in patient access. The 
introduction of genome-wide single-nucleotide 
polymorphism (SNP) arrays for PGT-M has 
succeeded in streamlining the delivery of tests, 
providing a universal linkage-based system for 
diagnosis of most monogenic disorders. By 
reducing the need for patient-specific PGT-M 
protocols, the time required for the preparation 
of new tests has been greatly reduced. The best 
known SNP-array approach for PGT-M_ is 
known as “karyomapping,” a technique in 
which parents and a close relative of known 
disease status are genotyped for ~300,000 
SNPs scattered across the genome [34—36]. Sets 
of informative SNPs in the vicinity of the gene 
of interest are genotyped for each of the four 
parental chromosomes and their phase (ie., 
which alleles are inherited together and are 
therefore located on the same parental chromo- 
some) is determined by examining the geno- 
types of the same SNPs in different members 
of the same family. These phased combinations 
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of linked polymorphisms, known as_haplo- 
types, are sufficient to deduce the status of any 
embryos produced by the couple, without hav- 
ing to directly detect the causative mutation(s). 
A similar technique called haplarithmisis, uti- 
lizes a next-generation sequencing approach in 
order to reveal the genotypes of polymorph- 
isms and to reveal haplotypes across the entire 
genome, thus providing the linkage data 
needed to diagnose embryos [37]. 

Although genome-wide SNP arrays and 
NGS-based haplotyping save considerable 
labor in the PGT laboratory, they remain rela- 
tively expensive, and the requirement of a 
DNA sample from an additional close relative 
can sometimes prove problematic. With the 
continuous reduction in the cost of sequencing, 
there is hope that tests such as haplarithmisis 
could be carried out at significantly lower cost 
in the future. However, for the time being the 
lowest costs for PGT-M may rely on harnessing 
NGS technology in other ways. Approaches for 
PGT-M utilizing NGS are now emerging and a 
few have already been validated and imple- 
mented clinically [38—41]. Some tests utilize 
multiplex PCR amplification followed by 
sequencing of a large number of linked poly- 
morphic markers as well as mutation sites. The 
HBB gene, in which the mutations for 
B-thalassemia and sickle cell anemia (SSA) are 
found, is an example where such an approach 
has been applied clinically. Sequencing of the 
entirety of the HBB gene (both exonic and 
intronic regions), along with numerous intra- 
genic and extragenic linked SNPs provides a 
single protocol, which is universally applicable 
despite the vast diversity of mutations found 
within the HBB gene [41]. Such a generic proto- 
col eliminates the need for all but the simplest 
preclinical work-up, reducing costs and accel- 
erating the pathway to treatment. The cost sav- 
ings provided are especially relevant in less 
affluent parts of the world, which often coin- 
cide with areas where $-thalassemia and SSA 
are of high prevalence. There is also some 
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evidence to suggest that the extreme sensitivity 
of NGS-based methods may result in lower 
ADO rates, allowing detection of alleles that 
are difficult to detect due to extremely poor 
amplification [41]. 


Preimplantation genetic testing for 
polygenic disease 


The easy access to genomic technologies and 
the continuous decrease in their cost is acceler- 
ating the development of more comprehensive 
testing platforms. Recently, a single universal 
platform was developed and validated to test 
for aneuploidies, structural rearrangements, 
specified monogenic diseases, and certain traits 
controlled by polygenic inheritance [42]. The 
aim of this methodology is to rank embryos, 
prioritizing those at lower risk of polygenic dis- 
eases such as hypothyroidism and type I diabe- 
tes. It can be argued that polygenic disease risk 
prediction in preimplantation embryos is desir- 
able and should be considered a valuable addi- 
tion to the important health-related data 
revealed during the course of PGT. However, 
expansion of embryo testing to cover multiple 
genetic variants that together confer a degree of 
risk, sometimes interacting with each other and 
with the environment in ways that are not fully 
understood, represents a significant deviation 
from the traditional application of PGT. 

For the most part, the last 30 years have 
seen PGT utilized for the same range of inher- 
ited conditions for which prenatal testing 
has generally been considered appropriate— 
monogenic disorders that have a clear associa- 
tion between mutation and phenotype. Where 
PGT has diverged from prenatal diagnosis has 
been in its wider application to late-onset dis- 
orders (e.g., Huntington disease) and condi- 
tions associated with incomplete penetrance 
(e.g., BRCA mutations that predispose to breast 
cancer) and, most strikingly, the use of preim- 
plantation testing to identify embryos that are 
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HLA compatible with an affected sibling, who 
is in need of stem cell transplantation [43]. The 
introduction of PGT for polygenic disease 
raises technical, logistic, and ethical questions. 
It will inevitably require an expansion of 
genetic counseling efforts to support its clinical 
utilization, and some might argue that it is eth- 
ically questionable to test for such conditions. 
As new predictors become available, it likely 
that all of the embryos tested will have an 
increased risk of something, be it cardiovascu- 
lar disease, diabetes, cancer, or other medically 
important problems. How will an embryo with 
an increased risk for one condition be weighed 
against a sibling embryo with an elevated risk 
for a different disease. There are fears that pri- 
oritizing embryos that are “genetically super- 
ior” based on their disease risk scores might 
create a hostile environment, potentially stig- 
matizing those who develop disease or those 
who suffer from disabilities. On the other 
hand, if predictions related to the development 
of serious health issues are demonstrated to be 
accurate, some might argue in favor of protect- 
ing the right for reproductive autonomy and 
parental choice. Most controversial of all, at 
least one company promoting the use of PGT 
to manage polygenic disease risk has proposed 
testing to predict intellectual capacity, with a 
view to avoiding transfer of embryos at risk of 
producing individuals with a low IQ. As tech- 
nologies continue to evolve, this area will 
clearly remain an active area of ethical debate. 


Whole-genome sequencing of the 
preimplantation embryo 


Considering the decreasing cost of 
sequencing-based methodologies, one might 
envisage a day when the most economical and 
straightforward strategy for PGT is simply to 
sequence the entire genome of each embryo. 
This would eliminate the need to develop 
patient-specific or disease-specific tests [44]. 
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Any chromosomal abnormalities would be 
revealed as well as any gene mutations (essen- 
tially delivering PGT-M and PGT-A in a single 
test) and, if desired, polygenic risk scores and 
information about long-term health could be 
acquired from the same data. It is likely that 
mutations that impair embryonic development 
would also be detected in some embryos, 
assisting in the prioritization of viable embryos 
for transfer to the uterus during IVF cycles. 
The frequency of such mutations is currently 
unknown, but their presence may provide a 
partial explanation for the fact that at least one- 
fourth of chromosomally normal and morpho- 
logically perfect embryos fail to produce a 
viable pregnancy after transfer to the uterus. In 
terms of the cost of the technology, there are 
already commercially available sequencers that 
do not require a large capital investment and 
it is only a matter of time before the cost of 
sequencing an individual genome falls to a 
level where it is conceivable that all embryos 
suitable for biopsy could be examined. 

In the past, deficiencies in methods of 
genome amplification and DNA sequencing pre- 
cluded the application of whole-genome 
sequencing to human preimplantation embryos. 
However, these technological hurdles have been 
largely overcome. One of the few challenges still 
remaining is the requirement for data storage. 
This may well become the single most important 
factor on the clinical scale, especially when con- 
sidering that some regulatory bodies currently 
require the data obtained from genetic testing to 
be stored for decades or even indefinitely. The 
human genome consists of over 3 gigabases 
(> 3,000,000,000 base pairs), which means that 
genetic laboratories will face significant and 
ongoing capital investments into IT infrastruc- 
ture and data storage. Given the highly sensitive 
nature of genetic information, back-up systems 
and robust data privacy protection mechanisms 
will all need to be in place. 

Higher resolution and increased genomic 
coverage would, without doubt, lead to an 
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even more comprehensive analysis of the 
embryo’s genetic status. However, considering 
that in any given embryo, only a fraction of 
loci will be directly relevant to disease and that 
many (perhaps the majority) of the variants 
discovered would have an uncertain impact on 
health, the balance between the additional 
value provided by WGS and the great increase 
in the bioinformatic and patient counseling 
burden might not be favorable at the current 
time [44]. Nonetheless, as understanding of the 
genome and how it functions improves, the 
depth of information provided by whole- 
genome sequencing will have growing clinical 
utility and it seems certain that it will eventu- 
ally improve embryo diagnosis and IVF suc- 
cess rates. For the most part, the argument that 
remains to be debated, as with polygenic dis- 
ease, is an ethical one. 


Germline genome editing 


Undoubtedly, PGT for monogenic disease 
continues to be a valuable reproductive option 
for couples who are at high risk of transmitting 
heritable genetic disorders to their children. 
Yet despite its growing clinical implementation 
over the last two decades, PGT-M has a num- 
ber of limitations. First, there is a finite number 
of embryos created in an IVF cycle and the 
majority of these embryos will usually be dis- 
carded, either as a result of inadequate devel- 
opment or because they are diagnosed as being 
affected by the inherited condition for which 
they were being tested [45]. Indeed, published 
data indicate that 16%—20% of PGT cycles do 
not reach the point of uterine transfer and that 
fewer than 25% of cycles result in a healthy 
ongoing pregnancy [46,47]. This means that the 
physically, psychologically, and often finan- 
cially, demanding process of PGT-M frequently 
fails to produce the much wanted pregnancy. 
Currently, alternatives to PGT-M include the 
use of donor oocytes, sperm, or embryos and 
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adoption, all of which sacrifice the possibility 
of having a genetically related child. The other 
option is to try to conceive naturally (assuming 
the couple is fertile) and undergo prenatal test- 
ing. Of course, if the prenatal test reveals the 
presence of genetic disease in the fetus, a 
choice will have to be made between preg- 
nancy termination and the birth of an affected 
child. 

The reproductive options discussed above 
have, for the past 30 years, been the only avail- 
able strategies that couples have at their dis- 
posal when trying to avoid transmission of an 
inherited disorder. More recently, dramatic 
advances in genome analysis and engineering 
technologies have opened up another possibil- 
ity: germline genome editing (GE). While 
heritable GE is not currently recommended as 
a reproductive strategy, it has potential to 
become one in the future. The application of 
GE for the avoidance of inherited disease 
would involve the modification of a mutant 
gene in order to restore a wild-type sequence. 
Such an approach would shift the paradigm of 
the current reproductive strategies away from 
diagnosis and exclusion and toward cure. 

From a technical perspective, conducting 
genome-editing interventions at the time of fer- 
tilization or during early preimplantation 
embryonic stages, can be viewed as ideal, since 
it is easier to ensure that the active components 
used for GE will be delivered to all cells. This 
is important because many inherited condi- 
tions affect multiple tissues or organs and a 
return to normal function will often require the 
mutant gene to be corrected in most, if not all, 
cells. It may be extremely difficult to access the 
genomes of cells later in life, when the target 
cells are potentially numbered in the millions 
and populate hard-to-reach internal organs. A 
fertilized oocyte or embryo that underwent GE 
would ultimately give rise to an individual car- 
rying the edited gene in all cells of their body. 
This would not only include all of the somatic 
cells, but the germ cells also, a fact which has 
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been the basis of some ethical concerns (as dis- 
cussed below). Genome-editing interventions, 
performed on human embryos, are without a 
doubt ethically controversial; however, some 
might argue that the current practice of dis- 
carding affected but otherwise viable embryos 
is wasteful and perhaps no better from ethical, 
moral, as well as certain religious perspectives 
[45]. With GE, embryos previously diagnosed 
as affected could become eligible for transfer, 
thus rescuing them from being destroyed and 
increasing the number of IVF embryos avail- 
able to the couple, which would likely lead to 
improved chances of a pregnancy during that 
treatment cycle. In one scenario, if GE could be 
combined with natural cycle IVF, in which 
only a single oocyte is collected and fertilized 
with the partner’s sperm, perhaps no viable 
embryo would need to be discarded. 


How far are we from (safe) clinical 
application of genome editing? 


CRISPR-Cas9 (clustered regularly inter- 
spaced short palindromic repeat-Cas9) is cur- 
rently the leading approach for GE of cells, 
tissues, and whole organisms. It has been suc- 
cessfully applied in microorganisms, plants, 
animals, and most recently in human embryos 
donated for research [48—53]. Cas9 is an endo- 
nuclease of bacterial origin, which can be 
guided to specific “target” DNA sequences by 
a single-stranded RNA containing a specified 
sequence (~ 12 bases in length) complimentary 
to the target DNA. Upon successful recognition 
of a protospacer-adjacent motive sequence, 
Cas9 flanks the targeted region and cleaves 
each DNA strand, generating a _ double- 
stranded break (DSB) [48]. Most cells resolve 
the induced DSB predominantly by two 
mechanisms: error-prone nonhomologous end 
joining (NHEJ) and, less frequently, homology- 
directed repair (HDR). During the process of 
reconnecting the two ends of the broken DNA 
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strand, NHEJ introduces insertions and dele- 
tions (indels), which typically results in disrup- 
tion of the targeted gene and a consequent loss 
of function. In contrast, HDR rebuilds the site 
of breakage using a homologous DNA mole- 
cule as a template. In diploid cells, the second, 
undamaged copy of the gene is usually 
employed as the template for HDR, leading to 
replacement and correction of the copy in 
which Cas9 has induced a DSB. However, it is 
also possible to supply an exogenous DNA 
sequence, with homology to the targeted site, 
which the cell can utilize as a template for 
repair [48]. 

Genome-editing technology has already 
been applied to correct pathogenic mutations 
such as those causing Duchenne muscular dys- 
trophy and £-thalassemia in cellular and ani- 
mal models [54,55]. In 2017, a proof-of-concept 
study demonstrated the possibility of targeted 
correction of germline mutations in human 
preimplantation embryos for the first time, 
using a CRISPR-Cas9-based technology to 
remove a dominant heterozygous MYBPC3 
mutation, responsible for an inherited form of 
cardiomyopathy [49]. In the same _ year, 
researchers in the United Kingdom edited a 
group of human zygotes donated for research 
in order to study the role of an important 
developmental regulator OCT4 using a similar 
CRISPR-Cas9-based approach, but in this case 
deployed to knockout gene function rather 
than correct a mutation [48]. Together, these 
studies mark the beginning of a new era, in 
which germline GE is used with the intention 
of answering basic biological questions related 
to embryonic development. The results also 
shed light on significant drawbacks and sub- 
stantial difficulties associated with potential 
clinical application of GE tools in their current 
formats. Despite achieving relatively high tar- 
geting efficiency, it appears that only a propor- 
tion of embryos are able to resolve the DSBs by 
HDR, and therefore succeed in correcting the 
mutant gene. A significant proportion of the 
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edited embryos might harbor additional indels, 
further disrupting the targeted gene. Even 
more deleterious could be the induction of 
large deletions and/or complex structural rear- 
rangements, extending over many kilobases of 
DNA from the cut site, which could possibly 
lead to genomic instability and mitotic arrest. 

The mechanisms of DNA repair after the 
introduction of DSBs specific to human preim- 
plantation embryos remain largely unknown. 
There are questions whether such mechanisms 
are fully active and concerning the extent to 
which embryo cells can cope with the DNA 
strand breaks induced by GE _ techniques. 
Studies in cell lines have demonstrated that 
the efficiency of CRISPR-Cas9 is greatly 
enhanced by tumor suppressor p53 inhibition 
[56,57]. Whether the same applies to human 
preimplantation embryos is not known, but if 
there was a need to inhibit p53 in embryos in 
order to achieve efficient GE, this would 
likely be problematic for clinical application. 
The p53 gene is a master regulator of the cell 
cycle, DNA repair, and apoptosis and its dis- 
ruption, even if only temporary, might well 
have serious consequences for embryonic 
development. 

Large deletions and chromosomal aberra- 
tions, as well as any form of mosaicism (ie., 
where some cells are successfully edited and 
others are not, or where a proportion of the cells 
harbor additional deleterious indels produced 
by NHEJ) might be difficult to detect in preim- 
plantation embryos subjected to GE, and would 
also present a serious safety concern for clinical 
application. It remains to be determined 
whether mosaicism in gene editing can be 
reduced by modulating the cell cycle stage at 
which DSBs are induced and whether this 
approach can yield 100% uniformity in the 
desired genotype. A new generation of GE tools 
using catalytically impaired CRISPR-Cas9, 
known base editors, has recently been devel- 
oped [58,59]. Base editors could potentially 
achieve more specific and better refined editing, 
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avoiding the problematic introduction of DSBs 
altogether, instead inducing alterations through 
the direct irreversible conversion of one base to 
another (e.g., a single mutant base could be 
substituted for the wild-type equivalent). In 
addition to developing a precise GE tool, it is 
essential to examine the potential off-target con- 
sequences of GE technologies, particularly their 
capacity to induce mutations in unintended 
regions of the genome, which have close homol- 
ogy to the targeted locus. The approaches that 
investigate the off-target effects of GE have thus 
far relied on the use of in silico modeling as 
they are rapid, easy to use, and inexpensive. 
However, they have only a predictive value and 
their estimates are far from definitive. With the 
prospect of clinical implementation, one might 
foresee that whole-genome sequencing of the 
edited embryo might become an inevitable and 
essential accessory to identify and exclude any 
embryos affected by off-target mutagenesis and 
to ensure the delivery of safe and efficacious 
treatment. 


Ethical considerations for germline 
genome editing 


Technological advances, particularly in the 
area of molecular biology and genomics, have 
outpaced the regulatory frameworks set-up to 
govern them and present a serious ethical con- 
cern for many people. Until recently, human 
GE was in the realm of science fiction. 
However, the advent of CRISPR-Cas9 technolo- 
gies together with reports of the birth of the 
first genome-edited children in China in 2018 
have prompted a wide societal debate. Even 
prior to the application of CRISPR-Cas9 to 
human embryos, multiple bodies charged with 
providing guidelines and advice on medical 
issues had already launched inquiries into the 
ethics of germline GE in the context of human 
reproduction. 
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As discussed above, the application of GE 
technologies to gametes or preimplantation 
embryos, in order to correct an inherited disor- 
der, maximizes the likelihood that the muta- 
tion will be successfully eliminated from all of 
the cells. Yet it is this apparent benefit that also 
makes the use of GE during the preimplanta- 
tion stage contentious, since any alterations 
would be present in the germline and could, in 
theory, be propagated through future genera- 
tions. For some this would mean crossing a 
perceived line. Nevertheless, from a purely 
clinical perspective, the successful editing of all 
cells, including the germ cells, would make it 
possible to permanently eliminate a deleterious 
mutation from a family, and therefore free 
future generations from the burden of disease 
transmission and from the need for further 
medical interventions. It could be argued that 
this protects the interest and welfare of the 
future individual. 

As treatments improve, more individuals 
suffering from genetic disease will survive into 
reproductive age and may want to have geneti- 
cally related children [60]. The desire to avoid 
the transmission of a mutation, without dis- 
carding potentially viable embryos following 
PGT-M, can surely be appreciated in these 
cases, and has indeed been recognized by the 
UK Nuffield Council on Bioethics and the US 
National Institute of Sciences’ in their recent 
reports on the subject. After careful delibera- 
tion, the Nuffield Council came to the view 
that “there are circumstances in which gene 
editing of human embryos should be permissi- 
ble.” It is likely that, to begin with, PGT and 
GE would have to be carried out in tandem, in 
order to confirm successful correction and an 
absence of unintended edits, but it is possible 
to imagine that if GE evolves into a precise and 
safe tool, PGT might eventually become 
superfluous. 

Although GE technologies might not be 
ready for clinical trials in human embryos at 
this time, it would be irresponsible for science 
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not to explore the possibility that they could, in 
the future, deliver a major advancement in pre- 
cision medicine, with the capacity to eliminate 
the majority of inherited diseases. The recently 
published results obtained from studies using 
the new-generation base editors suggest that 
these might be significantly safer because of 
the avoidance of DSBs [58,59]. Furthermore, it 
should be remembered that there are few med- 
ical interventions that are entirely without risk 
and that these must be weighed against the 
potential benefits of treatment. It is also worth 
recalling that some procedures that are almost 
universally embraced today, such as organ 
transplantation, were once considered 
controversial. 

While conversations about the legitimacy of 
germline GE continue, there is already at least 
one assisted reproductive treatment that has 
been successfully implemented in order to per- 
manently correct an inherited genetic defect. 
Mitochondrial disorders, where a proportion of 
the mitochondria in each cell harbors a delete- 
rious mutation leading to a dysfunction in ATP 
production and clinical consequences that are 
frequently severe, have been addressed by 
removing the meiotic spindle from an affected 
oocyte (or pronuclei from a fertilized egg) and 
transferring into the “healthy” cytoplasm of a 
donor oocyte. This procedure has already been 
licensed for use in the United Kingdom (by 
the Human Fertilisation and Embryology 
Authority) and, internationally, has led to the 
birth of at least one child who appears to be 
free of mitochondrial disease [61]. The spindle 
transfer procedure has also been proposed as a 
method to assist in the treatment of infertile 
patients with a history of unsuccessful IVF 
treatment due to poor in vitro embryo develop- 
ment. Data from a mouse model, characterized 
by high rates of embryo developmental arrest, 
have shown encouraging results, with rescue 
of the phenotype after transfer of meiotic spin- 
dles to donor oocytes from a different mouse 
strain [62]. 
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With new and powerful technologies always 
comes the fear of abuse. These concerns should 
not be lightly dismissed and need to be the 
subject of an inclusive public debate. In terms 
of GE being used as a therapeutic intervention, 
some argue that there is potential for the tech- 
nique to be applied for nonmedical reasons: 
introducing genetic variants that do not exist 
in either parent, for the purpose of enhance- 
ment rather than cure. Such modifications 
could be aimed at conferring resistance to 
pathogens, increasing tolerance to environmen- 
tal conditions or enhancement of physical or 
mental attributes. To address these concerns, it 
is necessary to build a consensus and decide 
which traits would be ethically justifiable and 
acceptable for alteration. It is possible that in 
well-regulated areas of the world the use of GE 
would always be confined to treatment of seri- 
ous medical illness. In line with this notion, it 
is the view of the Nuffield Council that the use 
of heritable GE interventions should be “con- 
sistent with social justice and solidarity so that 
it should not be expected to increase disadvan- 
tage, discrimination, or division in society.” 
From a technical perspective, it is worth noting 
that most traits are controlled by polygenic 
inheritance and as such the enhancement 
would be technically challenging using the 
existing approaches, which focus on the correc- 
tion of a single mutation. Public attitudes and 
prevailing social norms will likely shape how 
germline GE will be used, positions that might 
conceivably change over time [60]. If GE is to 
be used at all, adequate guidelines and a regu- 
latory framework need to be developed, setting 
out minimal conditions that would have to be 
met in respect to clinical and technical issues 
surrounding the gene to be edited, the need 
and justification for such modification, and the 
criteria for the efficacy, precision, and safety of 
the tool. 

Since the introduction of PGT, the methods 
available for genetic analysis have undergone 
rapid and sustained evolution. Today, these 
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advances promise to provide universal proto- 
cols for the simultaneous detection of all inher- 
ited defects caused by gene mutations or 
chromosome abnormalities. Such methods 
could provide PGT at lower costs, with shorter 
patient waiting times, and deliver enhanced 
accuracy. If combined with noninvasive meth- 
ods of testing, costs would fall further still and 
risks to the embryos (already low) would be 
essentially eliminated. However, with power- 
ful new genetic technologies also come new 
clinical and ethical questions. As we enter an 
era of whole-genome sequencing, we must ask 
how much information we really want to 
obtain from each embryo. If we learn all 
aspects of an embryo’s genetics, how will 
patients be counseled and what elements 
should be considered appropriate for embryo 
selection. Finally, there has been great excite- 
ment over the development of effective 
genome-editing methods. Such _ techniques 
offer the hope that mutations causing inherited 
conditions could one day be corrected during 
the preimplantation stage, although consider- 
able public consultation, ethical debate, and 
assessment of safety still need to take place 
before such methods enter clinical practice. 
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Genetic screening has become an increas- 
ingly important tool for diagnosis and treat- 
ment in reproductive medicine [1]. Advances 
in genetic testing with improved diagnostic 
accuracy have reformed clinical practice and 
led to innovations in treatment. The integration 
of genetic screening technology and assisted 
reproductive technology (ART) has expanded 
at an accelerating rate and as a result fertility 
treatment centers now routinely incorporate 
genetic testing as a complement to diagnosis 
and treatment of their patients. However, the 
acceleration of genetic testing is not without its 
controversy. Historically, innovations in ART 
such as in vitro fertilization (IVF) with atten- 
dant offshoots such as oocyte donation and 
gestational surrogacy have led to successes 
that raised patients’ hopes and introduced new 
family constellations. At the same time, they 
provoked public and patient concern about 
moral and ethical implications of the technol- 
ogy. These concerns are now echoed by the 
advent of reproductive genetic testing in fertil- 
ity care where the spectrum of possible effects 
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extends from the reassurance of preconception 
knowledge of a healthy pregnancy to the crea- 
tion of embryos for the purpose of sex selec- 
tion [2]. 

Whether the world of ART is already well 
known to couples entering into fertility treat- 
ment or represents a new and fearsome experi- 
ence, the bond they all share is the hope for a 
healthy pregnancy and a healthy baby. The 
psychological experience of IVF has been well 
described and is generally acknowledged to be 
a rigorously emotional journey for participants 
but, while the medical aspects of reproductive 
genetic screening have been well described in 
the literature, a greater examination of the psy- 
chological impact and emotional demands of 
screening for ART patients is needed. This 
chapter describes selected reproductive genetic 
tests and their psychological concomitants, 
with illustrative cases provided. Where 
needed, the differentiation between genetic 
counseling and psychological counseling is 
identified as their roles may overlap but are 
mutually beneficial. 


© 2020 Elsevier Inc. All rights reserved. 
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Reproductive genetic screening 


Patients treated for infertility typically 
absorb a new treatment language replete with 
acronyms such as (IVF and intracytoplasmic 
sperm injection (ICSI). Similarly, reproductive 
genetics has introduced an array of rapidly 
evolving screening options with changes in 
accompanying acronyms. These include pre- 
conception carrier screening (PCS), extended 
preconception carrier screening (ECS), preimplan- 
tation genetic testing for aneuploidy (PGT-A) 
(formerly known as PGS), and preimplantation 
genetic testing for monogenic defects (PGT-M) 
(formerly known as PGD). As a result of this 
panoply of screening options ART programs 
increasingly encounter a broader variety of 
patients. Some learn through routine PCS that 
they are carriers of a gene that may or defi- 
nitely will affect the health of their child and 
are referred for preimplantation PGT-M of their 
embryos created through IVF. Other patients 
referred for PGT-M have a family history of 
genetic disorder(s), have given birth to a geneti- 
cally affected child, or have otherwise experi- 
enced reproductive trauma. Additionally, 
patients of mature age, patients with a history 
of recurrent pregnancy loss (RPL), and patients 
with previous IVF implantation failure are cur- 
rently screened for embryo chromosome num- 
ber through preimplantation PGT-A. 


Preconception carrier screening 


The purpose of PCS has been described as 
“increasing reproductive autonomy of indivi- 
duals and couples by providing preconception 
knowledge that could inform them of available 
treatment options” [3]. A growing number of 
physicians support the practice of PCS for their 
patients, and expanding public awareness of 
genetic screening has led to greater patient 
acceptance of the process. Originally PCS was 
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emphasized for certain ethnic groups more 
likely to carry a gene for diseases such as Tay- 
Sachs in Ashkenazi Jews and thalassemia in 
Italians. Currently, because we now live in 
what has been described as a “pan-ethnic soci- 
ety” with increasing intermingling of ethnic 
groups, PCS is recommended for all patients 
and partners considering pregnancy. Fertility 
treatment programs routinely utilize PCS for 
recessive disorders such as cystic fibrosis and 
fragile X, and increasingly make use of ECS for 
hundreds of other diseases with different levels 
of diagnostic capacity [4]. However, when test- 
ing results suggest that the couple has a good 
chance of having a baby with a genetic disor- 
der, the knowledge can be devastating and the 
treatment options may not be practical or 
affordable, or may be otherwise emotionally 
charged. Couples may decide to accept the risk 
of having a child with an inherited illness, 
remain childless, pursue adoption, choose 
gamete donation, or utilize PGT-M of embryos 
created through IVF. Undertaking any of these 
choices is typically emotionally challenging. 
Because PCS will lead to more instances 
where one or both partners test positive for 
being a carrier, their understanding of the impli- 
cations of the results underscores the need for 
both education and psychosocial support. 
Mental health professionals (here referred to as 
infertility counselors) working in ART have long 
understood and emphasized the importance of 
pretreatment education and patients’ compre- 
hension of the process as critical in the allevia- 
tion of apprehension. The psychological impact 
of screening is lessened when there is counseling 
pre and posttesting since “improved genetic 
knowledge is inversely correlated with the tes- 
tee’s anxiety” [5]. The importance of the tester’s 
knowledge and ability to impart that knowledge 
in a way that is understandable should be 
assumed, but a study of PCS administered to 
obstetric practices cited a lack of knowledge 
among physicians and the lay public as a major 
problem. The authors also cited a lack of 
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Preimplantation genetic testing for monogenic defects 


guidance for patients both pre and post screening, 
and costs of testing that may not be covered by 
insurance as part of the problem [6]. 

What the introduction to PCS means to 
patients involved in the testing can be quite vari- 
able. For example, some may be aware of a 
genetic deficiency among family members and 
expect a result which confirms this history. A 
patient with a diagnosis of unexplained infertility, 
typically someone haunted by the need to find a 
reason, upon learning that the cause is likely to be 
genetic may feel some relief [7]. For many 
patients, however, such results can be wholly 
unanticipated, causing anxiety and distress. 

Lewis et al. reviewed 20 studies published 
between 1990 and 2007 that addressed the psy- 
chosocial impact of carrier testing for autoso- 
mal and x-linked genetic disorders. The review 
identified a number of factors that appear to 
influence the emotional impact of carrier testing 
such as anxiety, guilt and stigmatization, effect 
on family relationships, effect on self-image, 
active coping mechanisms, and reproductive 
issues. Anxiety was a factor in all studies 
whether a subject was a carrier or a noncarrier. 
While women experienced greater anxiety than 
men, the anxiety dissipated over time, generally 
within 6 months. Several of the studies 
reviewed credit clear written instructions and 
explanations and high-quality genetic counsel- 
ing as important factors in alleviating anxiety. 
Guilt was also an issue that emerged, especially 
if the carrier already had an affected child, and 
guilt was stronger in women than in men. 
Additionally, women who did not have an 
affected child but had the condition in the fam- 
ily experienced what was identified as “survi- 
vor guilt” [8]. Typically, patients with no 
known history of genetic defect when being 
screened expect negative results and those who 
are known to be at high risk or who perceive 
themselves at high risk, expect positive results. 
This may explain why those at risk tend to 
experience less distress after a positive result 
than those unaware of the risk [5]. 


va be 


Case Example 


Ann and Bill, a couple in their early 30s, were 
referred for IVF after months of failing to con- 
ceive. The pretreatment work-up included rou- 
tine PCS for both partners and the couple, with 
no known family history of genetic disorders, 
assumed that their results would be negative. 
When results revealed that both were carriers of 
cystic fibrosis, they were dumbfounded and con- 
fused. The genetics counselor met with them 
and explained the disorder and what the results 
meant, and when the couple learned that their 
chances for having an affected child were 1 in 4 
(25%) and what the disease would mean for that 
child, Ann became distraught and inconsolable. 
Bill took a pragmatic position and immediately 
wanted to know what options they had for a 
healthy baby moving forward. The reproductive 
endocrinologist recommended PGT-M, the pro- 
cess that would involve IVF followed by testing 
the embryos, discarding affected embryos and 
hoping that there were unaffected embryos to 
transfer. When Ann realized that there was a 
possibility that there might not be unaffected 
embryos and that some embryos might be 
destroyed, she became acutely anxious and dis- 
tressed. The treatment team referred her to the 
infertility counselor, who gave her the opportu- 
nity to express her distress and explore her con- 
cerns. After a few meetings her anxiety lessened 
and she felt ready to proceed with the treatment. 


Preimplantation genetic testing for 
monogenic defects 


PGT-M, formerly known as PGD, is a widely 
established procedure for parents with a single- 
gene disorder to help prevent the risk of having 
a child with an inherited disorder and has been 
used for over 100 single-gene mutations [9]. 
PGT-M was developed to screen for embryos 
that carried genes for serious childhood-onset 
diseases (such as cystic fibrosis) but in more 
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recent years the process has been used for 
serious single-gene diseases such as early-onset 
Alzheimer disease and Huntington disease 
[10]. The Ethics Committee of the American 
Society for Reproductive Medicine posed the 
arguments for and against the use of PGT-M 
for serious adult-onset conditions. Arguments 
offered in support of the procedure included 
the right to reproductive choice for persons 
wanting to have children, the medical good of 
preventing the transmission of genetic disor- 
ders, the avoidance of abortion after genetic 
testing reveals a genetic disorder, and potential 
societal benefits of reducing the burden of 
the disease such as costly medical treatments. 
Arguments against PGT-M included the finan- 
cial cost, the possibility of misdiagnosis, the 
unknown risks of the procedure, and the possi- 
ble negative impact on those living with the dis- 
order, or who have a predisposition to the 
disorder. The committee agreed that PGT-M for 
adult-onset conditions is ethically permissible 
and strongly recommended that a genetics coun- 
selor with knowledge of PGT-M counsel patients 
considering this procedure. The committee also 
acknowledged the complexity of the scientific, 
psychological, and social issues involved in this 
issue [10]. 

Indications for the use of PGT-M currently 
cover a much wider spectrum, for example, 
testing for adult-onset conditions such as 
Huntington disease, human leukocyte antigen 
(HLA) tissue matching for stem cell trans- 
plants, and sex selection. Needless to say, 
much has been written about the ethical 
aspects and concerns of the procedure but little 
about its psychosocial impact. Pretreatment 
preparation and guidance are especially vital 
for those undertaking PGT-M. A clear under- 
standing of the IVF process is the first consid- 
eration. Then, does the couple understand the 
process of PGT-M and are they aware of the 
risks? Such risks include the possibility that 
the procedure may result in no embryos at all 
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or only embryos not suitable for testing. 
Another possibility is that after testing no unaf- 
fected embryos will be identified. Or unaf- 
fected embryos may be transferred resulting in 
no pregnancy. There is also the possibility that 
the embryo may be misdiagnosed and an 
affected embryo may be transferred or an unaf- 
fected embryo may be destroyed. This dizzying 
list of possible risks coupled with patients who 
are more than likely already anxious about the 
procedure is yet another important argument 
for pretreatment preparation and guidance and 
posttesting support. These patients may 
require time to absorb the information and a 
repeated review of the implications of the test- 
ing and the possible options. In one study, 
patients interviewed after PGT-M stated that 
they wished they had asked more questions 
and learned more about the process before- 
hand. Three women whose embryos had been 
misdiagnosed stated that they were not given 
clear instructions about the possibility for mis- 
diagnosis [11]. 

Couples entering PGT-M must digest a pro- 
digious amount of information about the pro- 
cess. In addition to the aforementioned 
procedural risks, there are the costs of treat- 
ment not always covered by insurance, varying 
success rates, and the amount of time the cycle 
demands that patients need to consider. There 
is also a significant emotional burden that 
accompanies PGT-M, especially for those 
patients with a history of reproductive trauma, 
such as giving birth to a child with a genetic 
disorder, but all participants may experience 
the euphoria and dysphoria that accompanies 
IVF with PGT-M. Many couples struggle with 
ethical or religious concerns about such issues 
as testing embryos and destroying affected 
embryos. In a paper addressing how couples 
make decisions about PGT-M, Hershberger 
and Pierce reviewed studies published 
between 1990 and 2008 of couples who had 
used, were eligible for, or had contemplated 
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PGT-M. The authors concluded that how deci- 
sions were made about PGT-M was based on 
cognitive appraisals (such as timing, risks, and 
costs), emotional responses (such as joy and 
happiness and pain and suffering), and moral 
concerns (such as about the status of the 
embryo) [12]. 

It is well acknowledged that IVF is emotion- 
ally draining, but studies over the years exam- 
ining the emotional reactions of female IVF 
patients generally have not shown serious psy- 
chiatric morbidity and levels of depression 
and anxiety were typically within normal lim- 
its. Based on what is known about the psycho- 
logical status of IVF patients, Karatas et al. 
considered the psychological profiles of 
50 Australian women participating in PGT-M. 
Subjects completed self-administered ques- 
tionnaires that assessed anxiety, depression, 
knowledge of technical aspects of PGT-M, 
expectancy of establishing a pregnancy, and 
unmet information needs. The authors hypoth- 
esized that given the burdens of genetic testing 
of embryos and the reproductive and genetic 
circumstances that preceded PGT-M, anxiety 
levels in subjects would be well above the nor- 
mal population. Because studies of the psycho- 
logical state of women entering IVF show that 
they do not experience greater degrees of 
depression from the normal population, the 
authors suggested that depression in these 
subjects would be within normal limits. Also, 
that unmet information needs would be associ- 
ated with higher education levels and because 
PGT-M patients have been reported as view- 
ing themselves as not infertile [2], their expec- 
tations of pregnancy would be higher than the 
likelihood for pregnancy presented by their 
clinicians. Results determined that anxiety and 
depression levels were similar to normal pop- 
ulation data. Unmet information needs were 
indeed positively associated with women’s 
education and their expectancy of pregnancy 
was above that of the expectancy rate pre- 
sented by their clinicians [13]. 
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In a review of the literature on the 
psychological impact of PGT-M, authors 
observed that most of the studies focus on the 
women’s experience and that less is known 
about the psychological experience for men [14]. 
Jarvholm et al., in a more recent study on risk 
factors of depression and anxiety in men and 
women planning for PGT-M, reported that men 
had significantly more symptoms of anxiety than 
men planning standard IVF, and that having a 
child with a genetic disease was a significant pre- 
dictor of anxiety throughout the process [15]. 

What do we know about pregnancy and 
maternal—fetal attachment after PGT-M? In a 
prospective study assessing anxiety, depres- 
sion, and maternal—fetal attachment in women 
pregnant as a result of PGT-M, women were 
tested prior to treatment, following embryo 
transfer, following the pregnancy test result, 
and at 24 weeks of pregnancy. As the authors 
predicted, there were significant fluctuations in 
women’s anxiety scores, anxiety increased fol- 
lowing transfer and pregnancy testing. Testing 
during pregnancy revealed that the anxiety 
had returned to normal levels and mater- 
nal—fetal attachment scores were within nor- 
mal levels. The authors reported that a subset 
of women experience a significant emotional 
burden during PGT-M treatment and that it is 
“these women who require closer attention 
and support” [16]. 

Winter et al. studied 157 couples pregnant 
through PGT-M, ICSI, or spontaneous concep- 
tion to determine whether PGT-M couples 
experience higher levels of stress during preg- 
nancy. Subjects were followed from the first tri- 
mester of pregnancy through the third month 
postpartum. Results showed that scores of 
depression and anxiety were the same for all 
groups and there were no differences between 
groups in parental antenatal attachment. The 
authors concluded that despite the immensely 
stressful PGT-M experience, PGT-M couples 
experienced pregnancy no differently than the 
control groups [17]. 
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Case Example 


Kevin, 40, knew that Huntington disease was 
part of his family health history. He lost his 
grandmother to the disease and now his father 
is afflicted. His sister had been tested and was 
negative for the gene but Kevin was too fright- 
ened to learn his own status. He and his wife 
wanted to have a baby but did not want to risk 
the possibility of passing on the gene to a child. 
After a consultation with the Recreational 
Equipment, Inc. team to learn about the proce- 
dure, Kevin consulted with the infertility coun- 
selor try to arrive at a decision. Although he 
wanted information about the genetic make-up 
of the embryos he did not want to know 
whether or not he himself was positive for 
Huntington disease. Reviewing his concerns in 
consultation with the counselor, the team was 
able to devise a strategy which would identify 
whether the chromosome containing the 
Huntington gene in each embryo was contrib- 
uted by Kevin's father or by his mother. Since it 
was known that his father was the carrier, this 
made it possible to eliminate any embryo con- 
taining a possible Huntington gene without spe- 
cifically testing the relevant chromosome for the 
Huntington gene, thereby eliminating the possi- 
bility of passing on the gene to his child without 
determining if he was indeed a carrier. 


Preimplantation genetic testing for 
aneuploidy 


PGT-A, formerly known as PGS, seeks to 
identify embryos with a normal chromosome 
count and to eliminate embryos with aneu- 
ploidy (the presence of one or more extra chro- 
mosomes) during IVF [18]. Chromosomal 
aneuploids are a major cause of infertility, 
maternal age-related decreased fertility poten- 
tial, and over 70% of spontaneous miscarriages 
[19]. The treatment has gained acceptance, par- 
ticularly for patients with a history of RPL and 
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for those patients with a history of failed IVF 
implantation. Women of mature reproductive 
age (typically 38—40), are thought to have a 
better likelihood of successful implantation 
and pregnancy with PGT-A. It is thought that 
one advantage of the treatment is that it 
encourages single embryo transfer and helps 
reduce the dilemma of what to do with excess 
embryos. 

The reproductive history of women under- 
going PGT-A differs but it is often one that has 
been stressful. A review of studies of the psy- 
chological effects of miscarriage determined 
that a significant number of women who suffer 
a miscarriage have a grief reaction that mirrors 
those of other losses such as the death of a 
loved one. The grief typically dissipates gradu- 
ally over time but can be quite distressing 
while it lasts [20]. A high prevalence of depres- 
sion and emotional stress was reported in 
women with RPL where the grief is ongoing 
and never fully psychologically processed [21]. 
Women with a history of pregnancy loss who 
are referred for PGT-A are often overwhelmed 
by the IVF process and require pre and post 
genetic counseling and benefit from ongoing 
psychological support and counseling. Another 
group under great stress and grieving is 
women with a history of repeated IVF implan- 
tation failure. This group by definition is all 
too familiar with IVF but they can be confused 
about the genetic testing and have their hopes 
raised by the possibility of success and again 
dashed when that too fails. Women of mature 
age who have not been able to conceive are 
also referred for PGT-A. They too may be new 
to the IVF process and may find themselves 
hopeful and bewildered if the cycle fails. 


Case Example 

Jane, 36, had four miscarriages in the first 
5 years of her marriage to Joe, 37. Though over- 
come with sadness after each loss she was 
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determined to keep trying, despite the fact that 
she was depressed and frequently in tears. Joe 
was worried about Jane’s physical and emo- 
tional health and wanted to stop trying, but 
when they were referred for IVF with PGT-A 
Jane insisted that they go for the consultation. 
They met with the reproductive endocrinologist 
and the genetics counselor, both of whom 
became alarmed about Jane’s psychological 
state. They referred her to the infertility coun- 
selor. The therapist determined that Jane had 
unresolved grief resulting from her miscarriages 
that she never adequately processed, pushing 
herself to continue trying despite her distress. 
She recommended that Jane continue in 
counseling and defer treatment until she could 
come to terms with her grief and was better 
able to cope with the stress of the proposed 
treatment. 


When the potential for having a child with a 
genetic disorder is sex-linked, PGT-A is the 
procedure used to determine the gender of the 
embryos. The fact that a couple with a sex- 
linked gene can prevent the familial disorder 
and have a healthy child with this technology 
is a benefit of this testing. The issue becomes 
more controversial when gender selection is 
done for nonmedical reasons [22]. The practice 
is banned in many countries, including 
Australia, Canada, and the United Kingdom, 
but is legal in the United States. In the United 
States a growing number of couples seek gen- 
der selection for so-called “family balancing,” 
meaning that they may already have one or 
more children of the same sex and would like 
to have a child of the opposite sex. The Ethics 
Committee of the American Society for 
Reproductive Medicine issued a statement on 
the use of sex selection for nonmedical reasons 
and presented arguments for and against. 
Arguments in support of the procedure are 
patient autonomy and reproductive liberty. 
They added that the preference for a particular 
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gender does not necessarily reflect discriminatory 
attitudes and that parents may have many 
important reasons for wanting to choose the 
sex of their offspring. Arguments against the 
use of preimplantation genetic testing for non- 
medical reasons are potential harm to off- 
spring, harm to women, misuse of medical 
resources for nonmedical purposes, and risks 
of discrimination and social injustice [23]. 

Couples considering gender selection may 
benefit from exploring the process with their 
infertility counselor, reviewing the pros and 
cons and specifically noting its potential for 
disappointment (e.g., hoping for a girl but all 
embryos are all male). 


The role of the infertility counselor 


The majority of patients going through PGT- 
A and PGT-M appear to be psychologically 
well adjusted but often find the amount of 
information they have to take in and the uncer- 
tainty of whether the cycle will bring success 
or failure especially anxiety provoking. This is 
often compounded by a stressful reproductive 
history which has brought them to this treat- 
ment. Karatas et al. recommend routine provi- 
sion of information about coping strategies and 
state that “the gold standard of care may 
involve routine psychological assessment and 
targeted intervention where required” [13]. The 
infertility counselor should be competent and 
well-informed about infertility, its treatments, 
and its psychological impact on individuals and 
couples. In addition to being well versed in 
ART, the counselor should have a clear under- 
standing of reproductive genetic screening and 
testing and potential psychological issues that 
may be a part of the process [24]. 

The ESHRE PGT-M Consortium has exten- 
sive guidelines for psychological evaluation of 
couples seeking PGT-M, for patients with a his- 
tory of reproductive failure, patients with a 
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history of traumatic experiences; couples about 
whom the geneticist, gynecologist, or other 
member of the IVF/PGT-M team has doubts 
regarding the welfare of existing or future chil- 
dren or about the psychological wellbeing of 
the future parents, for couples who actively 
ask for psychological intervention, and for cou- 
ples undergoing HLA-matching PGT-M. They 
recommend that counseling should be offered 
both before and after the PGT-M cycle [25]. 


Conclusions 


The integration of reproductive genetic screen- 
ing and ART is expanding at an accelerating rate, 
raising the hopes of many seeking the chance to 
have a healthy baby. The psychological impact of 
genetic testing and screening can often be dis- 
turbing and stressful, so much so that the addi- 
tion of a qualified infertility counselor can be an 
essential addition to the treatment team. 
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Introduction 


As the fields of genetics and assisted 
reproduction are becoming increasingly more 
intertwined, ever more ethical dilemmas are 
popping up in the field of reproductive medi- 
cine. Whereas until a few decades ago the only 
way to direct or influence the genetic constitu- 
tion of our offspring was by the selection of our 
reproductive partners, we now have numerous 
tools at hand to avoid the birth of a child with 
certain genetic conditions and even to select for 
nonmedical features, such as sex. Specific philo- 
sophical and ethical questions following from 
these new possibilities are, for example, 
whether there is a moral duty or at least a moral 
preference to produce the “best possible child” 
in terms of well-being (and thus avoid the birth 
of children with disabilities); whether fertility 
clinics have a responsibility in avoiding the 
birth of children with genetic abnormalities; 
whether people who actively choose to have a 
child with a disability are morally blameworthy; 
whether public health policies should be aimed 
at maximizing patient autonomy or at the 
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reduction of the incidence of genetic conditions, 
etc. For the purpose of this chapter, we focus on 
three different applications on the crossroads of 
reproduction and genetics: (1) preconception 
genetic testing (or carrier screening); (2) preim- 
plantation genetic testing (both preimplantation 
genetic diagnosis when the parents are carriers 
of a severe disease and preimplantation genetic 
screening for the detection of aneuploidies); and 
(3) prenatal genetic testing (with special atten- 
tion to cell-free fetal DNA testing, also known 
as noninvasive prenatal testing or NIPT). 

As a preliminary remark regarding termi- 
nology, we will use the term “genetic testing” 
as a broad term that includes both diagnostic 
testing and genetic screening for risk calcula- 
tion, both on an individual and on a popula- 
tion level and regardless of whether an a priori 
elevated risk is present. 


Preconception genetic testing 


Preconception genetic testing is aimed at 
determining the carrier status of people who are 
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planning to reproduce. When such a test reveals 
that both partners are carriers of the same auto- 
somal recessive disorder, for each child they 
conceive together there is one chance in four 
that this child will be affected by that disorder. 
For X-linked disorders these odds are one in 
two. Having this knowledge increases the cou- 
ple’s reproductive autonomy as—apart from 
accepting these odds and conceiving natu- 
rally—they have a number of options to avoid 
the birth of a child affected by this disorder, 
either by refraining from reproducing, by 
resorting to third-party reproduction, by using 
prenatal genetic screening followed by a preg- 
nancy termination in case of an affected fetus, 
or by using preimplantation genetic diagnosis 
(PGD, see below) on embryos in vitro in order 
to select those embryos for transfer that are not 
homozygous (or compound heterozygous) for 
the feared condition [1]. 

Preconception genetic screening is particu- 
larly interesting in communities with a rela- 
tively high prevalence of certain autosomal 
recessive disorders. The textbook example is 
that of the high incidence of Tay-Sachs disease, 
a lethal neurodegenerative disorder, in the 
Ashkenazi Jewish population, which has led to 
a very early widespread implementation of 
carrier screening programs in that community. 
This approach reportedly led to a 90% drop in 
incidence in Canada and the United States 
between 1970 and 2000 [2]. Similar programs of 
population-wide screening—either mandatory 
as a requirement for marriage licenses or vol- 
untary—exist for beta-thalassemia in, for exam- 
ple, several Mediterranean and Arab countries 
[3]. This kind of preconception carrier testing 
in high-risk populations has been recom- 
mended by several professional societies, 
although on a voluntary basis [4—6]. 

The combination of an increased awareness 
about the reproductive risk of a carrier status 
and a decrease in the price of genetic testing has 
led to calls to implement population-wide 
genetic screening for conditions that are less 
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prevalent, but which—especially when consid- 
ered as a group—imply a high burden of dis- 
ease [7]. This type of screening is known as 
expanded universal carrier screening, whereby 
“expanded” refers to a combination of several 
genetic conditions and “universal” to the inclu- 
sion of the entire population, regardless of an a 
priori risk related to ethnic background. 
Currently, opinions on this option are divided. 
While an expected decrease in the incidence of 
serious genetic conditions in the population, bet- 
ter informed reproductive decision-making, and 
a reduction of stigmatization of specific subpo- 
pulations can be considered as positive out- 
comes of such screening options, concerns are 
voiced regarding resource allocation, the limited 
benefit for most people, the provision of suffi- 
cient information and counseling for (potential) 
recipients of screening (especially when test 
results are delivered direct-to-consumer), test 
limitations and the accurate communication 
thereof by healthcare workers, the potential 
impact on societal views on reproductive 
responsibility, and stigmatization and discrimi- 
nation based on genetic traits [8—10]. We dis- 
cuss some of these issues in more detail below. 
First, in terms of health economics, it has 
proven to be difficult to calculate the cost- 
effectiveness of population-wide carrier screen- 
ing programs [11,12]. Moreover, given the con- 
tinuous evolution in screening methods and 
their cost, these calculations require constant 
revisions. While targeted screening—taking eth- 
nic background into account—was traditionally 
more cost-effective, the added cost of screening 
for multiple conditions in one test is coming 
down fast, so that screening for disorders with 
a very low incidence in the general population 
can still be cost-effective when “added on” to 
screening for more common _ disorders. 
However, there is more to be considered than 
the cost of screening alone. The more conditions 
a carrier screening program screens for, the 
more pretest counseling is necessary and the 
more people are likely to test positive and 
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require extensive posttest genetic counseling, 
even when their partner is not a carrier and a 
problem therefore does not present itself. It is 
important to note that a “diagnosis” of carrier 
status has no clinical significance in itself, yet 
can be disturbing and confusing for those who 
receive it. A way to mitigate this problem is by 
opting for couple-based testing and disclosure, 
so that a negative result is only obtained when 
both partners are carriers. The downside of 
this option, however, is that testing would 
need to be repeated with a new partner and 
fewer relatives would be alerted to the pres- 
ence of a harmful mutation in the family [6]. It 
is clear that both approaches (individual and 
couple-based screening) require a thorough 
communication of the meaning of carrier sta- 
tus: when individual results are given one 
needs to ensure that the recipient does not 
overestimate the impact of her carrier status on 
her health, when couple results are given, one 
needs to ensure that they understand that their 
risk may change when they change partners in 
the future. 

This brings us to a second cluster of con- 
cerns, related to communication of test limita- 
tions and results to the recipients. Expanded 
carrier screening creates the illusion of risk-free 
reproduction, while there will always be 
conditions that are not screened for, disease- 
associated variants that are not screened for 
due to technical limitations, harmful mutations 
that are not yet identified, gonadal mosaicism, 
and de novo mutations. Apart from that, there 
are numerous nonhereditary health problems 
that may present themselves at birth. Again, 
it is important to convey this information to 
prospective parents. In order to make this fea- 
sible, substantial efforts will have to be made 
to school more genetic counselors, to increase 
knowledge about genetic conditions in the 
primary healthcare setting, with a focus on 
gynecologists and obstetricians, and in the 
general population. While information is pref- 
erably provided by professionals, making 
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high-quality resources available directly to 
the general public is important in view of the 
rise of direct-to-consumer genetic testing, 
which enables people’s access to their carrier 
status without any contact with healthcare 
professionals [13]. 

A third cluster of concerns relates to the 
societal impact of the implementation of pre- 
conception genetic screening. Two recurring 
themes can be discerned here: (1) a fear for 
negative consequences for people with disabil- 
ities and (2) a fear for an explosion of responsi- 
bility and societal pressure on the shoulders of 
future parents and a de facto limitation of their 
reproductive autonomy, rather than an expan- 
sion of it. Regarding the first, Scully identified 
three central points in the so-called “disability 
critique” in relation to genetic testing: (1) selec- 
tion of offspring based on genetic features is 
discriminatory and eugenic; (2) the focus on 
disabilities caused by genetic factors is dispro- 
portionate and therefore conceals greater pub- 
lic healthcare needs; and (3) genetics is 
wrongly used to make a distinction between 
normality and abnormality [14]. In response to 
the eugenics reproach, one can observe that the 
locus of the evil with which we associate 
eugenics in a historical context is the killing 
and forced sterilization of people toward the 
goal of “purifying” the human gene pool, 
which were clear violations of basic human 
rights. The new form of eugenics that can be 
ascribed to expanded carrier screening, known 
as “new eugenics” or “liberal eugenics” [15,16], 
in principle reinforces reproductive autonomy, 
rather than limiting it, and is in that sense in a 
completely different league than the “old 
eugenics.” However, the old eugenics should 
serve as a constant reminder that the suppos- 
edly morally neutral discipline of genetics can 
be abused for ideological purposes in order to 
legitimize discriminatory policies or attitudes 
toward groups of people based on their genetic 
features [14,17]. In that respect, it is hardly sur- 
prising that disability rights advocates urge for 
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caution when it comes to eugenic interventions. 
As previously remarked by Adrienne Asch, 
we do not commonly assume that the subop- 
timal life prospects generated by characteris- 
tics other than genetic “abnormalities” (such 
as gender or social class) legitimize active 
prevention of people with such characteris- 
tics being born, as we consider this to be dis- 
criminatory and stigmatizing. The same 
could be said about selecting against disabil- 
ities that still allow for a reasonable level of 
welfare. 

Besides the disability critique, concerns are 
commonly voiced regarding the impact on the 
notion of responsibility in the context of repro- 
duction. The mere availability of preconception 
carrier screening “is sufficient to impel a per- 
son to justify Gif not to others, then at least to 
herself) why she would not make use of it” 
[18]. This new reality ties in with the so-called 
“principle of procreative beneficence,” which 
states that when reproducing, one has moral 
reason to select that child (of all possible chil- 
dren) whose life can be expected to go best (or 
at least not worse than any of the others) 
[19,20]. Whether one accepts this principle 
depends on the relative weight one attributes 
to the welfare of the future child/the future 
generation on the one hand and reproductive 
liberty on the other hand. This tension between 
the “prevention view” and the “autonomy 
view” is constantly in the background for all 
three applications discussed in this chapter [1]. 
The prevention view takes the prevention of 
the birth of children with genetic disorders as 
an explicit aim of genetic testing. The auton- 
omy view considers the goal of genetic testing 
to be enhancement of the opportunities for 
meaningful reproductive choice. Whereas espe- 
cially in preconception genetic testing, often- 
times an explicit reference is made to the 
prevention view, this is more contentious 
when prenatal genetic testing is concerned, as 
in this case “prevention” equals abortion. 
Especially in recent Western scholarly papers 
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and policy documents, an explicit adoption of 
the autonomy view, rather than the prevention 
view is advocated for, mainly because “under 
the prevention perspective, there is a risk 
that prospective parents will be expected to 
make the ‘right’ decisions and that it will 
become normal and logical to hold them 
accountable for the consequences if they do 
not” [1]. However, in practice it remains a bal- 
ancing effort, as most would not allow the 
autonomy view to justify, for example, the 
deliberate selection of children with disabilities 
in lieu of a healthy child. Moreover, as men- 
tioned above, in several non-Western societies, 
policies are adopted that are very directive 
toward preconception carrier screening. 


Preimplantation genetic testing 


When, for example, after preconception 
genetic testing, reproductive partners are 
aware that there is a substantial risk of conceiv- 
ing a child with a genetic condition that would 
have a severely negative impact on the child’s 
and/or the parents’ lives, they can opt for 
in vitro fertilization (IVF) with subsequent 
genetic testing of the resulting embryos so that 
only those that are not affected are implanted. 
This procedure is commonly known as preim- 
plantation genetic diagnosis, or PGD. Another 
reason why genetic testing is performed on 
preimplantation embryos is to detect aneuploi- 
dies that would make it very unlikely for a par- 
ticular embryo to result in a healthy live birth. 
This type of genetic testing used to be known 
as “preimplantation genetic screening,” or 
PGS, but is now commonly referred to as pre- 
implantation genetic testing for aneuploidy 
(PGT-A). While we acknowledge that the dis- 
tinction between both procedures is becoming 
more and more vague as PGD is moving from 
targeted to whole-genome technologies, we opt 
to discuss the ethical implications of both sepa- 
rately below, for clarity’s sake. 
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Preimplantation genetic diagnosis 


While PGD has become an acceptable practice 
in many societies, this has not always been the 
case and PGD continues to be controversial in 
several societies due to concerns over the 
destruction of human embryos, which is inherent 
to the procedure, and over the message it sends 
regarding the value of people with disabilities 
(for the reasons discussed above). Broadly speak- 
ing, however, PGD is acceptable as long as it fits 
within the medical model, that is, PGD as a 
means to avoid a high risk of having an affected 
child [21]. Many other applications such as selec- 
tion of healthy carriers, PGD for risk reduction 
(not elimination), the selection of savior siblings 
and selection for, instead of against disabilities 
are much more controversial. 

Strictly within the medical model, an impor- 
tant problem in the debate on PDG is the range 
of applications. This problem contains two 
aspects: the variable expression of genetic 
mutations and the low(er) penetrance muta- 
tions. The first point is linked to the question 
of the seriousness of the disease. Several com- 
mittees have tried to compose a list of “seri- 
ous” diseases for which PGD would be 
acceptable. However, one soon discovered that 
this is a very difficult exercise as diseases may 
impact on multiple aspects of a person’s life. 
Moreover, even if a general consensus on the 
seriousness could be reached, one may still dis- 
agree on the use of PGD because of the per- 
centage of penetrance. In the Netherlands, for 
instance, there has been a discussion on PGD 
for BRCA mutations since “only” 80% of 
women with the mutation will develop breast 
cancer. A very restrictive position would 
demand full penetrance of an invariably very 
serious disorder. Most people are prepared to 
adopt a more flexible position. It has been 
argued that the acceptability of PGD for muta- 
tions with low(er) penetrance should depend 
on the balancing of relevant variables such as 
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age of onset, treatability, and effectiveness and 
burdens of possible treatments [21]. 

As for preconception and prenatal testing, 
the ethical questions will change dramatically 
when whole-genome sequencing is performed 
on embryos. At the start, PGD was performed 
for one, or at most a few disorders. This gener- 
ated a simple binary result: affected or unaf- 
fected. Whole-genome sequencing on the 
contrary can provide information on hundreds 
of monogenic diseases and on the genetic pre- 
disposition for multifactorial diseases such as 
diabetes. However, given that in each IVF cycle 
only a limited number of embryos is available, 
excluding all embryos with abnormalities or 
genetic risk factors will not work, as no embryo 
will then be left for transfer. The traditional 
rule of not transferring an affected embryo will 
have to be modified too since no embryo will 
be perfectly healthy. A solution could be that 
this technology is used in order to ensure that 
children born after IVF or PGD are at least free 
from major disorders (selection of “genetically 
acceptable embryos”), or else to select, from a 
batch of embryos, the one with the best genetic 
profile in terms of future health risks (selection of 
the “genetically best embryo”). When all informa- 
tion is put together, would-be parents will have a 
hard time deciding which will be the best 
embryo. Should they go for embryo 1 with a 10% 
susceptibility for a type of cancer in combination 
with two relatively minor diseases A and B or for 
embryo 2 with a 30% risk for autism and a rela- 
tively minor disease C? The wealth of informa- 
tion may also challenge the collaborating 
physicians since they acquire new responsibili- 
ties. Conflicts may arise if doctors and patients 
hold different standards of what is an 
acceptable disease and what is an acceptable risk 
[22,23]. Although reproductive autonomy of 
patients may give patients a large degree of deci- 
sional authority, physicians have a responsibility 
toward the future child that may justify a refusal 
to participate in a patient’s request. 
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A thrust toward wider testing is already 
clearly visible. Providing more information 
rather than less may be regarded as required 
by the traditional aim of providing options for 
autonomous reproductive choice to prospec- 
tive parents, whereas limiting the scope of test- 
ing, targeting the analysis, or only disclosing 
selected information would seem a problematic 
instance of reproductive paternalism. The 
ethos of nondirectivity and reproductive 
autonomy thus seems to align with the techno- 
logical imperative that “the more testing, the 
better.” It has been argued that “If it is all 
about choice, then, no option or information 
potentially relevant to a woman’s choice and 
her decision-making processes should be with- 
held” [24]. However, “pure autonomy” is not a 
coherent aim of reproductive testing in a medi- 
cal context [25]. Moreover, the idea that pro- 
viding ever more information that might be 
relevant for choice will eo ipso contribute to 
reproductive autonomy, ignores the “paradox 
of choice” [26]. Information overload may actu- 
ally undermine efforts to provide prospective 
parents with meaningful options for reproduc- 
tive choice and render their decision-making 
vulnerable to the agendas of other stake- 
holders, despite the rhetoric of nonpaternalism. 


Preimplantation genetic testing for 
aneuploidy screening 


While PGD is aimed at contributing to pro- 
creative beneficence, PGT-A is aimed at 
improving the IVF procedure. The hypothesis 
is that as implantation failure in IVF treatments 
is oftentimes attributed to aneuploidies in the 
embryo, selecting euploid embryos for transfer 
will lead to less implantation failures and mis- 
carriages, and thus to less suffering for the 
patient and a shorter time to conception (as no 
time will be wasted on transplanting nonviable 
embryos). A first version of PGT-A was intro- 
duced based on this hypothesis in the mid 1990s, 
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relying on FISH on biopsied day 3 blastomeres. 
It was first used in poor-prognosis patients, 
but soon expanded to good-prognosis patients 
[27]. However, randomized controlled trials 
that were performed a decade after PGT-A’s 
introduction showed no benefit, but instead a 
significant decrease in ongoing pregnancy 
rates [28,29]. Another decade later, a new ver- 
sion of PGT-A is widely used in ART clinics 
worldwide, this time based on trophoblast 
biopsy on day 5, using array or massive paral- 
lel sequencing technology. There are however, 
again, a number of concerns associated with 
PGT-A. First, due to high levels of mosaicism 
in the embryo, there is no guarantee that the 
biopsy taken from the outer layer (trophecto- 
derm) of the embryo represents the cells from 
the inner cell mass, which will develop into 
the embryo proper [30,31]. That means that a 
viable embryo is occasionally judged to be 
nonviable and vice versa, leading to a situation 
in which viable embryos are sometimes dis- 
carded, thus lowering the overall chance of 
establishing a healthy live birth (given that 
only a limited number of embryos are avail- 
able for transfer). Several studies have been 
published in which—after none of the embryos 
judged viable led to a live birth—embryos 
judged to be nonviable were transferred to con- 
senting patients, leading to surprisingly high 
numbers of healthy live births [32—34]. This has 
led to the recommendation of using PGT-A pri- 
marily as a ranking tool, so that embryos with a 
euploid biopsy are transferred first, followed by 
embryos with a mosaic biopsy, going from 
more euploid to more aneuploid cells [35,36]. 
Within this whole debate, it is crucial to estab- 
lish what a mosaic embryo is and how it is diag- 
nosed [37]. Even though PGT-A is widely 
adopted in fertility clinics around the world, it 
remains very controversial. While some argue 
that it is “incumbent on IVF practitioners to try 
to detect and avoid the transfer and cryopreser- 
vation of [aneuploid] embryos using PGS tech- 
nology” [38], others argue that “after almost 
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20 years of clinical utilization, and unable to 
find a clinical purpose for performing PGS/ 
PGT-A, the procedure should be banned out- 
side of clinical study frameworks” [39]. 

In such an environment, it is very important 
that information regarding PGT-A aimed at the 
general public (e.g., hospital websites, test sup- 
plier websites, information leaflets and bro- 
chures, media reporting, etc.) clearly states 
which of the benefits attributed to PGT-A are 
evidence based, which are likely but not (yet) 
established, and which have turned out to be 
false or unsubstantiated, so that the patient has 
a clear and correct view on what the test can 
and cannot deliver. Informed decision-making 
is however currently hampered for at least two 
reasons: (1) the commercial push to adopt 
PGT-A as widely as possible and (2) the fact 
that people undergoing fertility treatment are 
known to be susceptible to the “upselling” of 
add-on procedures lacking an evidence base, 
even when they are expensive [40]. It should 
be clear to practitioners working in the field of 
reproductive medicine that their duty of care 
toward the patient should be their primary 
motivation when deciding to either offer or 
withhold the option of PGT-A for a specific 
patient. Any patient opting for PGT-A should 
therefore be aware that there is great contro- 
versy about PGT-A in the scientific community 
and that PGT-A will involve an extra cost 
which will not increase their chance of a 
healthy live birth, but might, for example, 
spare them a miscarriage or reduce time-to- 
pregnancy in some groups [37]. 


Prenatal genetic testing 


While preconception and PGS are gaining in 
popularity, prenatal genetic screening is proba- 
bly still the most common application of 
genetic screening in the reproductive context 
today. During the pregnancy, several tests can 
be performed for the detection of chromosomal 
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abnormalities in the fetus. Screening tests give 
an indication of a heightened risk of abnormal- 
ity and include measurement of nuchal trans- 
lucency by ultrasound, maternal serum testing, 
and cell-free fetal DNA testing, more com- 
monly known as non-invasive prenatal testing 
(NIPT) (noninvasive prenatal screening, NIPS). 
Diagnostic tests such as chorionic villus sam- 
pling (CVS) and amniocentesis can then either 
confirm or refute that a chromosomal abnor- 
mality is in fact present or not. NIPT, CVS, and 
amniocentesis are genetic tests, respectively 
analyzing cell-free fetal DNA in the mother’s 
bloodstream, DNA of the placenta, and DNA 
from fetal cells in the amniotic fluid. 

Before discussing some ethical concerns tied 
to the technicalities of the different methods of 
prenatal testing, it is important to observe that 
the most “targeted” condition in prenatal test- 
ing is Down syndrome or trisomy 21 (T21) and 
in the second instance trisomies 13 and 18. The 
reason for this is not so much the suffering that 
is associated with these conditions, but the fact 
that they are easily detected abnormalities. It is 
therefore hardly surprising that, especially for 
T21, the above-mentioned disability critique is 
oftentimes invoked: selecting against Down 
syndrome is perceived as unduly stigmatizing 
and discriminatory. While we will not down- 
play the profound impact that T21 has on daily 
life, it is important to realize that it presents 
itself in very variable forms and that an over- 
whelming majority of people living with Down 
syndrome report very high levels of well-being 
and life satisfaction [41]. In addition, great 
numbers of parents and siblings also report a 
very positive attitude toward the presence of 
someone with Down syndrome in their family 
[42,43]. Taking this into account, it seems that 
the “welfare of the future child” or the idea 
that we want to save the next generation from 
as much suffering as possible is not a straight- 
forward argument in support of T21 screening 
programs and the associated pregnancy termi- 
nations (as opposed to screening and 
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terminations for conditions that cause more 
suffering). This brings us back to the previ- 
ously mentioned tension between the preven- 
tion and autonomy view on genetic testing in 
the reproductive context. What is it exactly that 
we aim to achieve by introducing prenatal 
genetic testing for chromosomal abnormalities? 
Do we want to prevent the suffering that is 
brought about by the birth of disabled chil- 
dren? Do we want to increase reproductive 
autonomy? Do we want to prevent the loss of 
healthy pregnancies by reducing the number 
of invasive tests (see below)? Do we want to 
save on healthcare costs? Different answers to 
these questions will justify different policies 
regarding prenatal testing. 

The prenatal screening method that receives 
most attention at present is noninvasive prena- 
tal testing, made possible by the discovery of 
the presence of cell-free fetal DNA in maternal 
plasma and serum in 1997 [44]. The term non- 
invasive prenatal testing is misleading to the 
general public in several regards. First “nonin- 
vasive” suggests that it is an alternative to 
invasive prenatal testing—that is, CVS and 
amniocentesis—which creates the idea that 
NIPT is also a diagnostic test (detecting an 
aneuploidy), rather than a screening test 
(detecting an elevated risk). Second, the word 
“testing” rather than “screening” reinforces 
this perception, which is why NIPS has been 
suggested as a better alternative by the 
American College of Medical Genetics and 
Genomics [45]. While it is true that NIPS offers 
a much better risk calculation than traditional 
combined first-trimester screening, it is impor- 
tant to keep stressing that this test is not diag- 
nostic, and that the positive predictive value 
(PPV) is lower than the test’s sensitivity and 
specificity, especially in a low-risk population 
(e.g., even for the most prevalent condition 
screened for, trisomy 21, a 25-year-old woman 
without disturbing sonographic findings and a 
positive NIPS result has about a 50% chance 
that her fetus does not have trisomy 21). 
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Therefore, when a woman considers a preg- 
nancy termination based on a positive NIPS 
result, this should always be preceded by 
follow-up diagnostic testing, preferably by 
amniocentesis. 

Regardless of this caveat though, the higher 
detection rate that is achieved with NIPS as 
compared to combined first-trimester screening 
significantly reduces the overall number of 
invasive diagnostic tests and the occasional iat- 
rogenic miscarriage that they cause [46,47]. 
However, this advantage may by undercut by 
a current trend to expand NIPS to include 
other, less common abnormalities than triso- 
mies 21, 13, and 18, including sex chromosome 
abnormalities and clinically significant micro- 
deletions (e.g., DiGeorge). As the PPV for these 
conditions is much lower, this will again lead 
to a situation in which women get a risk score 
that is high enough to worry them, yet low 
enough to result in numerous cases of unneces- 
sary invasive testing. 

Moreover, if in the future NIPS is expanded 
towards whole-genome NIPS, the informa- 
tional privacy interests of the future child 
should also be taken into account [30]. This is a 
problem that is already present in diagnostic 
prenatal testing today, especially when a whole 
genome, rather than a targeted approach, is 
used. Current recommendations advise against 
performing predictive genetic testing in minors 
except when there is a clear potential benefit 
for the child, in order not to undermine their 
“right to an open future” and their “right not 
to know” their genetic risks. These proclaimed 
rights are commonly grounded in respect for 
(future) autonomy, respect for privacy, and the 
best interest of the child [48]. If DNA is 
sequenced before birth, the future person obvi- 
ously has no chance to object to the disclosure 
of this information. Yet, while this is a legiti- 
mate aspect to take into account, it is only one 
of many factors to consider. In this sense, it can 
lead to a policy not to routinely screen all preg- 
nancies with whole genome sequencing 
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(WGS), yet allow prenatal arrays or WGS when 
there is an indication of a genetic abnormality. 
As mentioned by Laurie in the context of 
screening of minors, it is preferable to consider 
these issues “as a matter of discretion for pro- 
fessional judgment and responsibility, rather 
than an issue of rights” [49]. 

A related problem in the context of expanded 
prenatal screening is the potential discovery of 
incidental findings/secondary findings and/or 
of variants of uncertain significance. In a clinical 
setting with adults, the general rule is that sec- 
ondary findings are reported when they are 
serious and actionable [50]. However, in the 
prenatal setting, an additional potential “action” 
is present, namely pregnancy termination. 
Therefore, while the reporting of a serious and 
untreatable condition in an adult may be inap- 
propriate, it may be useful information in the 
prenatal context [51]. The typical example of a 
secondary finding of Huntington disease that 
would not be reported to adults as it is not 
actionable, presents a major dilemma in the pre- 
natal context. First, it reveals that one of the par- 
ents will also develop Huntington disease, 
information they may not wish to receive. 
Second, if it is reported and the couple decides 
not to terminate the pregnancy, this information 
may place a heavy burden on the life of the par- 
ents and the resulting child. 

Also, many genetic conditions do not have 
100% penetrance. This means that parents may 
be confronted with odds calculations about dif- 
ferent potential diseases their child might 
develop later in life, or might not. This inevita- 
bly leads to the termination of pregnancies 
which could have resulted in the birth of some- 
one who would never have developed any 
major health issues and to the birth of children 
who are labeled from birth as being destined to 
develop some disability, a phenomenon 
described as the “healthy ill” [52]. 

Finally, concerns related to routinization are 
oftentimes voiced in the context of prenatal 
screening, as it may undermine informed 
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decision-making [25,53]. While this was already 
a concern for combined first-trimester screening 
(a risk score calculation based on maternal age, 
maternal serum testing, and nuchal translu- 
cency), it becomes even more pressing where 
NIPS is offered to large fractions of, or even all, 
pregnant women. Ideally, undergoing prenatal 
screening for fetal abnormalities should be the 
result of a well-informed choice so that the 
uptake is limited to those women who would 
either consider a pregnancy termination in the 
event of a chromosomal abnormality or who 
want to prepare (practically and emotionally) 
for the birth of a child with special needs. The 
scenario that is to be avoided, though, is that 
women who do not wish to know any informa- 
tion about the risk of carrying a fetus with a 
chromosomal abnormality are suddenly pre- 
sented with this information nonetheless. While 
the increased acceptance of voluntary preg- 
nancy termination is a positive evolution in 
terms of reproductive autonomy, we should as 
a society be wary of the possibility that when 
abortion of fetuses with chromosomal abnor- 
malities becomes the norm, women may feel 
pressured into opting for a pregnancy termina- 
tion while that is not their preferred course of 
action, which again restricts their reproductive 
autonomy. As a side-note: prenatal treatments 
alleviating the symptoms of chromosomal 
abnormalities are eagerly awaited [54,55]. Once 
these become available and accessible, the pres- 
sure to abort may again lessen. 
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Introduction 


Genetic counseling 


Genetics is a fast-changing landscape. Over 
the last few decades there has been an expo- 
nential development of new technologies and 
new knowledge in genetics [1—5]. Moreover, 
everything suggests this fast-paced progress 
will continue in the years to come, with many 
new achievements expected and, thus new 
challenges [6—8]. 

A genetic diagnosis has a few characteristics 
that no other medical diagnosis has [9—12]: 


¢ Genetic essentialism: genetic information is 
unique to each individual (with the 
exception of monozygotic twins). People 
tend to feel identified by their genetic 
information, a concept known as genetic 
essentialism. Therefore, genetic alterations 
may be perceived as a fault in one’s essence 
[10,11]. 

e Given the unique character of an 
individual’s genome, genetic testing also 
carries many issues of privacy and 
confidentiality [9]. 
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e Family implications: since genetic traits run 
in families, a genetic diagnosis usually has 
implications for other family members [9]. 

¢ Complex to communicate: despite most 
people being exposed to genetic concepts by 
the media, the nature of genetics is regarded 
as complex to understand and 
communicate, both by patients and 
healthcare professionals [12]. 


For all this, back in the 1970s, the Medical 
Genetics Units in the United States started 
defining a new role and profession: genetic 
counseling [13]. The National Society of 
Genetics Counselors defines genetic counseling 
[14] as the process of helping people under- 
stand and adapt to the medical, psychological, 
and familial implications of the genetic contri- 
butions to disease. This process integrates: 


¢ Interpretation of family and medical 
histories to assess the chance of disease 
occurrence or recurrence; 

e Education about inheritance, testing, 
management, prevention, resources, and 
research; 
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¢ Counseling to promote informed choices 
and adaptation to the risk or condition. 


The state of the art of genetic counseling 
worldwide varies greatly, with some countries 
with well-established professions and national 
registration systems, while others do not con- 
template this profession in their national legis- 
lation, as described in Table 18.1 [15]. 


Psychological and emotional impacts of 
infertility and/or genetics 


The psychological and emotional burden 
that infertility poses has been long described 
[16—30]. The infertile patient has been reported 
to present with higher anxiety, grief, depres- 
sion, and mood disorder scores; moreover, 
they present with lower memory, 


TABLE 18.1 State of the art of genetic counseling worldwide. 


Region Country Availability of genetic counseling 
Americas United States Over 4000 genetic counselors 
Canada Approximately 350 genetic 
counselors 
Cuba About 900 genetic counselors 
Europe Belgium Over 10 genetic counselors 
Denmark About 20 genetic counselors 
Finland Approximately five genetic nurses 
France Approximately 175 genetic 
counselors 
Ireland Less than 10 genetic counselors 
The Netherlands 55 genetic counselors 
Norway 40 genetic counselors 
Portugal Less than 10 genetic counselors 
Romania About 75 genetic counselors 
Spain Over 75 genetic counselors 
Sweden Approximately 40 genetic 
counselors 
Switzerland Less than 10 genetic counselors 
Middle Israel 80 genetic counselors 
East 
Saudi Arabia 20 genetic counselors 


MSc training programs 
39 MSc training programs 


Five MSc training 
programs 


One MSc training program 
No 
No 
No 


One MSc training program 


No 


Four MSc training 
programs 


One MSc training program 


One MSc training 
program* 


One MSc training 
program* 


One MSc training 
program* 


No training programs 


No training programs 


Three MSc training 
programs 


Two MSc training 
programs 


National 
registration system 


Yes 
Yes 


No 


Genetic Nurse and 
Counsellor 
Professional Branch 
of the European 
Board of Medical 
Genetics 
Registration System 
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TABLE 18.1 (Continued) 
National 
Region Country Availability of genetic counseling MSc training programs registration system 
Oceania Australia/ 220 genetic counselors Two MSc training Yes 
New Zealand programs 
Asia China No No No 
India No No No 
Japan Over 230 genetic counselors 14 MSc training programs No 
Malaysia Less than 10 genetic counselors One MSc training program No 
Philippines Approximately 10 genetic One MSc training program No 
counselors 
Singapore 10 genetic counselors No No 
South Korea 12 genetic counselors Two MSc training No 
programs 
Taiwan 120 genetic counselors One MSc training program No 
Africa South Africa Over 120 genetic counselors Two MSc training Yes 
programs 


“Accredited by the European Board of Medical Genetics Registration System. 


concentration, self-esteem, perceived control, 
and quality-of-life scores. Patients describe 
recurrent emotions such as feeling defective, 
inadequate, inferior, useless, ashamed, guilty, 
anxious, depressed, stressed, distant or con- 
flicted with their partner, family, and/or 
friends, frustrated, socially pressured, loss of 
control, failure, low self-esteem, worried, 
fatigued, disappointed, grieving, and so on. 
For all this, infertility counseling has become a 
key point in many assisted reproduction treat- 
ments. Infertility counseling has shown 
improvement in all these feelings and emo- 
tions, and even in the treatment outcome. 
Similarly, it is well known that both a 
genetic diagnosis and genetic testing carry a 
considerable psychological and emotional 
impact, both in patients and their close rela- 
tives [31—39]. Of interest, the psychometric 
scales that are altered in genetic patients and 
relatives, as well as the emotions that they 


report, are very similar to those described in 
the infertile patient. 

Therefore patients undergoing assisted 
reproduction and genetic testing (with or with- 
out a genetic diagnosis) may present with an 
even higher psychological and emotional bur- 
den, derived by the addition of these two stres- 
sing factors. 

This psychological and emotional impact 
should not be neglected, and infertility and 
genetic counseling are appropriate interven- 
tions. While infertility counseling and 
genetic counseling both have specific health- 
care professionals trained in these fields, 
both concepts are described as long-term 
processes in which any other healthcare pro- 
fessional will be involved. Therefore, it is 
important that all those professionals 
involved in assisted reproduction learn some 
basic concepts of both infertility and genetic 
counseling. 
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Karyotype alterations as a cause 
of infertility 


Karyotype alterations have been described 
as a cause of infertility, both male and female, 
for a long time [40—44]. These karyotype 
alterations include sexual chromosome aneu- 
ploidies (and their mosaics) and chromosomal 
structural rearrangements, as well as other 
chromosomal alterations. 

The prevalence of chromosomal alterations is 
higher in infertile men. The chance of finding a 
karyotype alteration is inversely proportional to 
the sperm count: 10%—15% of azoospermic men, 
5% of severe oligozoospermic (<5 million/mL) 
men, and <1% of men with normal sperm 
counts [40—42]. 

A relationship between chromosomal altera- 
tions and female sterility has also been 
reported. Between 10% and 15% of women 
with ovarian failure also have numerical or 
structural chromosomal alterations [42]. 

In this section, several karyotype alterations 
and their involvements in infertility, as well as 
the basic genetic counseling aspects that 
should be covered, are described. 


Chromosomal heteromorphisms 


Chromosomal _heteromorphisms are 
defined as differences in size, shape, or 
staining properties between homologous 
chromosomes. Certain chromosomic regions 
are subject to the presence of heteromorph- 
isms due to their repetitive DNA content 
[45—47]. 

The term heteromorphism can be used as a 
synonym for polymorphism or normal varia- 
tion. The most common cytogenetic poly- 
morphisms include heterochromatin areas of 
chromosomes 1, 9, 16, and Y, as well as the 
short arms, satellites, and stems of acrocentric 
chromosomes, which appear more prominent 
than usual [45—47]. 
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Cytogenetic studies in the general popula- 
tion have revealed that 2%—5% of individuals 
carry one of these findings. 

The role of chromosomal heteromorphisms 
in infertility has been studied. Some studies 
report a higher incidence of these findings in 
infertile patients, especially infertile men, but 
also in infertile women and couples with recur- 
rent pregnancy losses. However, these results 
have been conflicted by other studies. 
Therefore, with the current scientific and medi- 
cal evidence available, the finding of a chromo- 
somal heteromorphism should be considered a 
normal variant and no additional test should 
be indicated. 

Genetic counseling after the identification of 
a chromosomal polymorphism should include: 


e The finding of a chromosomal 
heteromorphism, and especially the fact of 
not modifying the assisted reproduction 
treatment, may cause anxiety or concern in 
the individuals in whom they are identified. 

e It is important to inform the couple about 
the high frequency of these findings in the 
general population (> 1%) and that the 
current evidence regarding their 
involvement in infertility is very 
controversial. 

¢ Heteromorphisms may be identified in other 
family members, so genetic counseling 
should be advised. 


Sex chromosome aneuploides 


Sex chromosome aneuploidies are a cause of 
infertility, both in men and women. These find- 
ings are the most frequent chromosomal altera- 
tions at birth (1/400, possibly higher due to 
underdiagnosis). 

Sex chromosome aneuploidies include 47, 
XXY (Klinefelter syndrome), 47,XYY (double Y 
syndrome), 47,XXX (triple X syndrome), and 
45,X (Turner syndrome). The term also includes 
possible polysomies and mosaics [48—50]. 
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Apart from its implications in infertility, it is 
important to keep in mind that the presence of 
an extra chromosome increases the frequency 
of aneuploid gametes. For this reason, it is 
important to consider preimplantation genetic 
testing for aneuploidies (PGT-A) in these 
patients [51—54]. 

Genetic counseling: 


e A diagnosis of a sex chromosomes 
aneuploidy may carry an important 
emotional burden. 

e It is important to offer adequate genetic 
counseling, providing reliable and up-to- 
date information, making special emphasis 
on the phenotypic variability of these 
conditions (large percentage of undiagnosed 
individuals). When not properly counseled, 
patients may resort to Internet search 
engines, with the risk of finding outdated 
and biased information. 

e In those patients where gamete retrieval is 
possible, PGT-A should be recommended. 
Embryos conceived by carriers of sex 
chromosome aneuploidies have a higher 
incidence of all chromosome aneuploidies. 


Structural rearrangements 


Reciprocal translocations 


Reciprocal chromosome translocations are 
defined as the reciprocal exchange of genetic 
material between two chromosomes, with a 
break point in each of them. This exchange can 
be balanced, if all chromosomal material is pre- 
served; or unbalanced, if there has been gain 
and/or loss of chromosomal material in one or 
both chromosomes involved. 

Approximately 1 in 700 people in the gen- 
eral population is a carrier of a balanced recip- 
rocal translocation. This frequency is higher in 
infertile men (1 in 50 to 1 in 100) and infertile 
women (1 in 500) [55—57]. 

Nomenclature in reciprocal translocations is 
important, and rules are defined by the ISCN: 
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t+open parenthesis + first chromosome + 
semicolon + second chromosome + close par- 
enthesis + open parenthesis + band in which 
the break in the first chromosome has occur- 
red + semicolon + band in which the break in 
the second chromosome has occurred + close 
parenthesis. For example,  t(1;9)(p21;q13) 
defines a translocation between chromo- 
somes 1 and 9. The break point in chromo- 
some 1 is identified in band p21 of its short 
arm, whilst the break point in chromosome 9 
occurred in band q13 of the chromosome’s 
long arm. 

In most cases, being a carrier of a balanced 
reciprocal translocation has no direct health 
implications. However, carriers of a balanced 
reciprocal translocation have some reproduc- 
tion implications, due to imbalanced gametes: 


e Reproduction issues: 
° Sterility /infertility; 
e Recurrent pregnancy losses (in 3%—9% of 
couples with recurrent pregnancy losses). 
¢ Offspring with an unbalanced translocation: 

e The risk of live offspring with an 
unbalanced translocation is supposed to 
be around 3% when the finding is 
secondary to infertility, as opposed to 
approximately 20% if there is a family 
history of live newborns with the 
unbalance. 

The phenotypic implications of the 
unbalance are highly variable and very 
hard to predict. 


e 


Robertsonian translocations 


Robertsonian chromosome _ translocations 
are defined as the fusion of the long arms of 
two acrocentric chromosomes near their cen- 
tromeric regions. Acrocentric chromosomes are 
chromosomes 13, 14, 15, 21, 22, and Y. The 
short arm (p arm) of these chromosomes con- 
tains heterochromatic content and, therefore, 
its loss does not have any phenotypic implica- 
tion. This type of translocation is always 
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observable on the karyotype, as it involves two 
whole chromosomes [55—57]. 

One in 1000 people in the general popula- 
tion carries a Robertsonian translocation, 1 in 
100 couples with recurrent loss of pregnancy 
and 1 in 33 in infertile men. The most common 
Robertsonian translocation is the one involving 
chromosomes 13 and 14. 

These translocations may be: 


e Balanced or unbalanced; 

¢ Heterologous (two different chromosomes) 
or homologous (two homologous 
chromosomes). 


Nomenclature in Robertsonian transloca- 
tions is important, and rules are defined by 
the ISCN: rob or der +open parenthesis + 
first chromosome + semicolon + second chro- 
mosome + close parenthesis + open parenthe- 
sis +band in which the break in the first 
chromosome’ has_ occurred + semicolon + 
band in which the break in the second 
chromosome has occurred + close parenthe- 
sis. For example, rob(13;21)(q10;q10) or der 
(13;21)(q10;q10) defines a Robertsonian trans- 
location between chromosomes 13 and 21. 

In most cases, being a carrier of a balanced 
Robertsonian translocation has no _ direct 
health implications. However, carriers of a 
balanced Robertsonian translocation have 
some reproduction implications, due to imbal- 
anced gametes: 


¢ Reproduction issues: 

e Sterility /infertility; 

e Recurrent pregnancy losses (in 3%—9% of 
couples with recurrent pregnancy losses). 

¢ Offspring with an unbalanced translocation: 

e Risk of trisomy 13 (Patau syndrome) and 
21 (Down syndrome) when the 
translocation includes chromosome 13 or 
chromosome 21 [58—62]; 

e Risk of imprinting defects when the 
translocation includes chromosome 14 
(Temple and Kagami syndromes) or 15 
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(Prader-Willi and Angelman syndromes) 
[63—66]. 


Inversions 


Chromosome inversions are defined as the 
rearrangement produced by two break-points 
within the same chromosome, with the subse- 
quent inversion and reinsertion of this fragment. 

Chromosome inversions may be: 


¢ Pericentric: if the inverted fragment includes 
the chromosome’s centromere; 

¢ Paracentric: if the inverted fragment does not 
include the chromosome’s centromere. 


The frequency in the general population of 
chromosome inversions is 1—5 in 10,000 for 
paracentric inversions and 1—7 in 10,000 for 
pericentric inversions. 

Some inversions are chromosomal hetero- 
morphisms include [57]: 


¢ inv(1)(p11q12); 
© inv(2)(p11.2q13); 
¢ inv(3)(p11q11); 
¢ inv(3)(p11q12); 
© inv(3)(p13q12); 
¢ inv(5)(p13q13); 
¢ inv(9)(p11q12); 
© inv(9)(p11q13); 
¢ inv(10)(p11.2q21.2); 
¢ inv(16)(p11q12); 
¢ inv(16)(p11q13); 
¢ inv(Y)(p11q11). 


In most cases, being a carrier of a chromo- 
some inversion has no direct health implications. 
However, carriers of a balanced Robertsonian 
translocation have some reproduction implica- 
tions, due to imbalanced gametes: 


¢ Reproduction issues: 
° Sterility /infertility; 
e Recurrent pregnancy losses (in 3%—9% of 
couples with recurrent pregnancy losses). 
¢ Offspring with an unbalanced chromosome 
rearrangement: 
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e In unbalanced pericentric inversions: 
formation of recombinants with deletion 
and duplication of the inverted segment; 

e In unbalanced paracentric inversions: 
inverted duplications of the segments. 


Genetic counseling in structural 
rearrangements 


e Assess family history, with special attention 
to family members with fertility problems, 
recurrent pregnancy losses, stillbirth, or 
offspring with anomalies (congenital 
conditions, global developmental delay, 
intellectual disability, etc.). 

e Provide information on basic genetics and 
structural rearrangements. 

¢ Reproduction options include: 

e Spontaneous pregnancy with or without 
prenatal testing; 

e Preimplantation genetic testing for 
structural rearrangements (PGT-SR); 

e Gamete donation; 

e Legal adoption. 

e¢ In most instances, the identification of a 
balanced structural rearrangement has no 
health implications. However, 
approximately 6% of apparently balanced 
reciprocal translocations and about 10% of 
apparently balanced inversions may be 
associated with phenotypical alterations 
[67]. Therefore the implications of these 
findings will vary depending on the setting 
(prenatal or diagnostic in an individual with 
phenotypic trait vs an adult with infertility). 
The presence of phenotypic alterations in 
apparently balanced rearrangements can be 
explained by: 

e The rearrangement is, in fact, not balanced: 
the rearrangement has a size which is not 
detectable by conventional karyotyping. 
Cryptic rearrangement in another region 
of the genome: the cause of the disease/ 
phenotype is not the rearrangement per 
se but a rearrangement, that is, not being 
considered. 
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e Disruption of dose-sensitive genes in the 
break point. 
e Gene position effect. 
e Uniparental disomy of a chromosome 
submitted to imprinting 
¢ The psychological impact of the finding 
must be addressed, as with any genetic 
finding. 
e The structural rearrangement may be 
identified in other family members, so 
genetic counseling is advised. 


Small supernumerary marker 
chromosomes 


Small supernumerary marker chromosomes 
(sSMCs) are abnormal chromosome fragments 
that can be identified by conventional karyo- 
typing and cannot be completely characterized 
without further testing. These sSMCs can origi- 
nate from any of the 24 chromosomes and their 
frequency in the general population is esti- 
mated at approximately 1/2500. However, the 
incidence increases to 1/800 in infertile couples 
and they are more commonly found in the 
male partner [68]. 

The identification of an sSMC is a challenge for 
genetic counseling. The majority of cases (70%) 
occur as de novo events and involve acrocentric 
chromosomes. In the case of family inheritance, 
maternal transmission occurs more frequently 
than paternal transmission. Approximately two- 
thirds of marker chromosome carriers do not 
show an identifiable phenotype. The rest exhibit a 
variety of clinical characteristics, ranging from 
subfertility, such as azoospermia or oligospermia 
in men, congenital defects, and/or intellectual dis- 
ability, including defined syndromes, such as 
Pallister-Killian syndrome. The identification of 
an sSMC indicates a risk of segmental aneuploidy 
(partial trisomy if the extra chromosome has 
euchromatic content). The prognosis depends on 
whether there is genetic content and the type of 
genes included [69—72]. 
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The presence of an sSMC also increases the 
incidence of aneuploidies in the gametes of car- 
riers. Therefore, PGT-A is advisable when 
identified in infertile patients [72]. 

Genetic counseling: 


e In order to give an adequate genetic 
counseling, it is important that the sSMC is 
characterized with array-CGH or FISH 
techniques. With these technologies, it is 
possible to determine whether the ssMC 
contains euchromatin or heterochromatin. 

¢ The implication of the finding of an sSMC 
will depend on the context in which the 
karyotype was requested: 

e In prenatal or postnatal diagnosis of an 
affected fetus/child, the identification of 
the euchromatic content of a de novo 
sSMC may be suspected as the cause of the 
phenotypic alterations. In contrast, SSMC 
with heterochromatin may be considered 
benign variants in these settings; 

e In infertility testing, sSSMCs containing 
both euchromatin or heterochromatin 
may be considered benign variants. 
Karyotyping of other relatives may be 
reassuring in those sSMC containing 
euchromatin. 

e Thirty percent of sSMC are inherited. 
Therefore, other family members may carry 
the karyotype alteration and might benefit 
from genetic counseling and testing. 

¢ PGT-A should be contemplated in carriers 
of an sSMC with infertility. 

e Since in some instances sSMC can be 
inherited, other family members may benefit 
from this information and genetic counseling. 

e PGT-A is advisable when an sSMC is 
identified in infertile patients. 


Genetic counseling in preimplantation 
genetic testing 


Preimplantation genetic testing (PGT) refers 
to any genetic test performed on an embryo 
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prior to it being transferred in an in vitro fertil- 
ization (IVF) treatment. PGT nomenclature was 
standardized [73] and categorized in PGT-A, 
PGT-SR, and preimplantation genetic testing 
for monogenic conditions (PGT-M). 

The PGT procedure usually includes the fol- 
lowing steps [74]: 


1. In vitro fertilization; 

2. Embryos are cultured in the lab to the stage of 
blastomere (day 3 post-fecundation) or to the 
stage of blastocyst (day 5 post-fecundation); 

3. Embryos are biopsied and embryonic cells 
are obtained; 

4. Embryonic DNA is extracted from the 
biopsied cells and genetic testing is 
performed; 

5. Genetic testing allows to identify those 
embryos with the genetic alteration (namely 
a specific mutation or chromosomal 
abnormality) and those without it; 

6. Those embryos that present the genetic 
alteration are discarded. Those embryos that 
do not present the genetic alteration are 
suitable for transfer. 


It is important to note that PGT has some 
limitations [75—77]: 


1. Mosaicism: mosaicism refers to two or more 
cell populations with different chromosomal 
complements being present within the same 
embryo. In some instances, embryonic 
mosaicism between the trophectoderm and 
the inner cell mass can give rise to false 
negatives and false positives, which range 
between 96.6% and 98%. 

2. Embryo viability: the freezing /thawing 
process and the biopsy process can affect 
the embryo availability (survival rates are 
reported as between 10% and 15%). 

3. Reduce available embryos for transfer: all 
aneuploid embryos will be discarded and 
not used for transfer. This will reduce the 
number of available embryos to use, and 
couples should be informed and counseled 
about this limitation. 
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4. Testing objective: each PGT has a specific 
testing objective, and couples should 
understand that any other condition/ 
alteration will not be tested for. 


Preimplantation genetic testing for 
aneuploidies 


PGT-A, previously known as preimplanta- 
tion genetic screening, is defined as genetic 
testing in embryos to differentiate those that 
have a normal chromosomal content (euploid 
embryos) from those that have an abnormal 
number of chromosomes (aneuploid embryos). 

The use of PGT-A, its indications, and its 
benefits are still being discussed, although 
most IVF groups agree on its benefits [78,79]. 

The aim of this chapter is not to evaluate the 
benefits of PGT-A. PGT-A is generally indicated 
[80] in advanced maternal age (=37 years), severe 
male factor (severe oligozoospermia), repeated 
implantation failures (=3 failed transfers of good- 
quality embryos), and recurrent pregnancy loss 
(23 previous miscarriages). Theoretical benefits 
of PGT-A include (1) increased pregnancy rate 
per transfer, (2) increased live birth rates per 
transfer, (3) decreased rates of spontaneous preg- 
nancy loss per transfer, and (4) decreased inci- 
dence of viable trisomies [81]. 


Preimplantation genetic testing for 
structural rearrangements 


PGT-SR encompasses genetic testing in 
embryos for carriers of balanced chromosome 
structural rearrangements (translocations and 
inversions). PGT-SR enables to detect those 
embryos with chromosomal imbalances. 
Carriers of balanced chromosome structural 
rearrangements have a higher chance of pre- 
senting reproduction issues (infertility, subfer- 
tility, and recurrent pregnancy losses) and live 
newborns with congenital alterations and intel- 
lectual disability [73]. 
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Preimplantation genetic testing for 
monogenic conditions 


PGT-M refers to genetic testing in embryos 
to prevent the transmission of a specific genetic 
condition. Patients with a diagnosis of a genetic 
condition, or couples with an increased risk for 
children with a genetic condition may benefit 
from PGT-M. PGT-M is available for the vast 
majority of serious genetic conditions, as long 
as the particular gene mutation(s) in the family 
has been identified through DNA testing [73]. 

Legislation regarding PGT-M varies widely 
worldwide, and thus it may not be available in 
all countries, or its indications might be 
restricted to specific conditions [82,83]. 


Genetic counseling in preimplantation 
genetic testing 


¢ Benefits, indications, processes, and limitations 
of PGT should be discussed with patients. 
Misconceptions and misunderstandings are 
common in genetics and patients may have 
false beliefs or expectations about PGT [84]. 

¢ Knowledge and understanding about the 
genetic condition and/or genetic alteration 
should be assessed. 

e Psychological and emotional burden should 
be addressed. As previously discussed in 
this chapter, genetics has an important 
impact on patients. 

e Ifthe genetic alteration could have been 
inherited, other family members may benefit 
from being informed and they may be 
advised to seek genetic counseling. 


Monogenic causes of infertility 
CFTR gene variants as a cause of male 
infertility 


There is a close relationship between 
obstructive azoospermia caused by congenital 
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bilateral absence of the vas deferens (CBAVD) 
and the presence of mutations in the cystic 
fibrosis (CF) gene, called cystic fibrosis trans- 
membrane conductance regulator (CFTR). 
Almost 100% of CF-affected males present with 
CBAVD and 80% of individuals with CBAVD 
are carriers of a mutation in the CFTR gene. 
Therefore, CFTR genetic testing is advised in 
all males presenting with CBAVD [85—88]. 

The CFTR gene is one of the most studies 
genes in the human genome, with over 1000 
different mutations having been described. 
There are two testing strategies in CFTR: 


¢ Targeted panels: panels that target known 
mutations, and their implications, in the 
CFTR gene. The most common panel 
includes 50 known mutations, which are the 
most prevalent in patients with Caucasian 
ancestry; 

e¢ Whole-gene sequencing. 


CFTR mutations can be classified according 
to their severity. Cystic fibrosis is, nowadays, 
not considered a single condition, but rather a 
spectrum of conditions that range from classic 
CF to male infertility. Part of this variation can 
be explained by the severity of the mutation 
(Fig. 18.1). 

The CFTR gene has a polymorphic region, 
called the poly T tract. This poly T tract pre- 
sents different sizes or thymine (T) repetitions; 
the three most common variants include 5T, 
7T, and 9T. Both 7T and 9T are considered 
benign variants, while the 5T is considered a 


Classic cystic fibrosis 


Nonclassic cystic fibrosis 
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variant of reduced penetrance. Another poly- 
morphic region lies next to the poly T tract, 
which is called the TG tract. This tract differs 
in sizes of a thymine-guanine repetition (TG), 
with 11TG, 12TG, and 13TG being the most 
common sizes. A longer TG tract (with lengths 
of 12 or 13) next to a shorter poly T tract (ST) 
has the greatest adverse effect [86]. 

If a mutation in the CFTR is identified in a 
CBAVD male, genetic counseling and testing 
in the female partner is advised. If both mem- 
bers of a couple are carriers of gene mutations 
in the CFTR gene, their offspring has a 25% 
chance of inheriting both mutations and, there- 
fore, being at risk for CF; a 50% chance of being 
healthy carriers of the condition; the other 25% 
will be healthy noncarriers. If one member of a 
couple, namely the infertile male, carries two 
mutations, and the other carries only one, their 
offspring has a 50% chance of being at risk for 
CF; the other 50% will be healthy carriers of 
the condition. 

Genetic counseling: 


¢ CFTR testing may lead to the diagnosis of a 
mild form of CF, which can have an 
emotional impact on the patient. 

¢ Offer an opportunity to give information 
about the condition, basic genetics, and 
inheritance pattern. 

¢ The high frequency of carriers in Caucasian 
ancestry should be addressed. Carrier 
estimates in these populations range from 1 
in 25 to 1 in 30. 


CBAVD Asymptomatic 


FIGURE 18.1 Representation of phenotypical variation observed in cystic fibrosis, ranging from classic cystic fibrosis 
to asymptomatic individuals. Genetic contribution, which partly explains this variability, is also depicted. 
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° Indicate study of the couple’s carrier. 

e If both members of the couple are carriers 
of severe mutations, their offspring would 
have a chance of 25% of inheriting a 
classic form of CF. Reproduction options 
would include PGT. 

e If one member of the couple carries a 
severe mutation and the other a mild 
mutation, their offspring would have a 
25% chance of inheriting a nonclassic 
form of CF. Nonclassic CF spans from 
milder forms of the condition to male 
infertility. However, the exact phenotype 
is impossible to predict. Therefore, this 
uncertainty may cause anxiety in couples. 
Moreover, PGT may be controverted in 
these scenarios. 

e The identification of a CF mutation in an 
individual, regardless of being in 
heterozygosis or homozygosis, will have 
direct implications for other family 
members. The siblings of a carrier have a 
50% chance of also having inherited the 
mutation. Given the high frequency of 
carriers in certain populations, genetic 
counseling and testing for first-degree 
family members should be advised. 

e Identification of a 5T(11TG) allele in one 
member of a couple and a classic CF 
mutation in the other: this combination of 
variants has never been reported in patients 
with classic CF. This combination has been 
described in a varying range of severity, 
ranging from asymptomatic patients to 
males with infertility because of CBAVD. 

e Identification of a 5T(12TG) or 5T(13TG) 
allele in one member of a couple and a 
classic CF mutation in the other: this 
combination of variants has never been 
reported in patients with classic CF. This 
combination has been described in a varying 
range of severity, from asymptomatic 
patients to individuals with nonclassic CF 
symptoms (relatively mild lung and/or 
pancreatic symptoms). 


305 


FMRI gene variants as a cause of female 
infertility 


Fragile X syndrome is the most common 
inherited cause of intellectual disability world- 
wide. The syndrome is caused by a type of 
mutation, called trinucleotide repeat expan- 
sion, in the CGG repeat numbers in the 5’ 
region of the fragile X mental retardation 1 
(FMR1) gene [89,90]. 

Therefore, alleles of the FMR1 gene are clas- 
sified in [91]: 


¢ Normal allele: from 5 to 44 CGG repeats. This 
is the most common allele size in the general 
population; 

e Intermediate or “gray zone” alleles: from 45 to 
54 CGG repeats; 

¢ Premutation: from 55 to 200 CGG repeats; 

¢ Complete mutation: more than 200 CGG 
repeats. Individuals who inherit this allele 
size will present with the syndrome. 


These allele sizes may expand when trans- 
mitted from one generation to another; this 
phenomenon is known as anticipation. 
Anticipation via maternal transmission is con- 
sidered to happen more frequently than pater- 
nal anticipation [92,93]. 

Patients with an intermediate allele are not 
considered at risk of presenting any symptoms 
related to the syndrome nor transmitting it to 
their children. However, in approximately 14% 
of cases [93], the allele may expand when 
transmitted to their offspring and fall into the 
premutation range. Again, this is more fre- 
quent when it is the mother who transmits the 
gene to her children. Approximately 1 in 50 
people carries an intermediate allele (equiva- 
lent to, approximately, 2% of the population). 

Patients with a premutation are not at risk 
of suffering from the condition. However, 
when a woman transmits the gene to her off- 
spring, it may increase in length and fall in the 
full mutation range. Therefore, her children 
would be at risk of inheriting the disease. The 
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chance of expansion to full mutation depends 
on the size of the maternal allele [94]: 


¢ 55—59 CGG repeats have not been reported 
to expand to the full mutation; 

60—69 CGG repeats: 2%; 

70—79 CGG repeats: 32%; 

80—89 CGG repeats: 74%; 

90—99 CGG repeats: 94%; 

100—200 CGG repeats: 98%. 


In most cases, the allele does not increase in 
length when passed from parents to daughters, 
so they may also inherit the premutation. 
Approximately 1 in 150 women and 1 in 450 
men are carriers of the premutation. 

In addition, it has been described that patients 
with a premutation have a higher risk of present- 
ing two clinical conditions: fragile X-associated 
tremor/ataxia syndrome (FXTAS) and FMRI1- 
related primary ovarian insufficiency (POD). 


¢ FXTAS is a neurological condition 
characterized by tremors, lack of coordination 
in movements (ataxia), loss of memory, and 
dementia. It mainly affects males, although it 
can also affect women, which present milder 
symptoms. The proportion of males carrying 
a premutation that will develop FXTAS 
depends on age. It will affect 17% of males 
between 50 and 59 years old, 38% between 60 
and 69 years old, 47% between 70 and 79 
years old, and 75% in men over 80 years. 

e POl is defined as the cessation of 
menstruation at a younger age (before the 
age of 40). It affects approximately 20% of 
women who carry an FMR1 premutation. 
For this reason, it is important for women 
carrying a premutation to know their status. 
This way they will be offered proper genetic 
counseling, enabling family planning and 
fertility preservation. 


Genetic counseling: 


e FMRI testing may lead to the diagnosis of 
an FMR1-related condition, which may have 
an emotional impact. 
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e Itis important that patients are aware that 
FMR1 testing may have two implications: (1) 
explain the woman’s POI; (2) reveal a 
potential risk of offspring with fragile X 
syndrome. Proper pretest genetic counseling 
must be provided. 

¢ Offer the opportunity to provide up-to-date 
and reliable information about the 
condition, basic genetics, and X-linked 
inheritance pattern. 

e Give and explain the figures for expansion 
risk associated with premutation allele 
ranges. 

e Assess the emotional impact of the finding. 

¢ The identification of a premutation may 
have direct implications for other family 
members. The siblings of a premutation 
carrier may have inherited the premutation. 
For this reason, genetic counseling for first- 
degree relatives is advised. 


Genetic counseling in expanded carrier 
screening 


With recent developments in _ next- 
generation sequencing, it is now possible to 
simultaneously detect numerous genetic altera- 
tions related to dozens and even hundreds of 
genetic conditions. This approach can be used 
to analyze the carrier status for autosomal 
recessive and X-linked conditions in a precon- 
ception setting, allowing for personalized 
reproductive risk assessment. This type of 
genetic counseling has been named expanded 
carrier screening (ECS) [95,96]. 

ECS genetic panels include two strategies: 
targeted panels that only study known muta- 
tions within the included genes, and complete 
sequencing of the gene. Both methods have 
their pros and cons. 

ECS is a pan-ethnic approach to carrier 
screening in which every individual, regardless 
of their ancestry, is tested for the same condi- 
tions. This sort of genetic panel may be attrac- 
tive to physicians, as it avoids specific 
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protocols for each ethnic group. ECS may also 
be appealing to patients, as they may feel they 
are being tested for “everything possible.” 

However, it is important to note that ECS 
has important limitations [97—101]: 


e In targeted panels, only known mutations 
are being test. Therefore, the residual risk 
for the couple will depend on the coverage 
of the gene. 

¢ In whole-gene sequencing panels, variant 
interpretation may pose an important 
challenge to physicians, genetic counselors, 
and, ultimately, patients. 

e There is no consensus on what conditions 
should be included in these panels and they 
are often exposed to the misconception of 
“more is better.” 

¢ Itis important to note that only autosomal 
recessive and X-linked conditions are 
included, and only a selection of these. Even 
with a negative result, there is still a chance 
for recessive or X-linked conditions not 
included in the panel, dominant conditions 
(with de novo mutations, germline 
mosaicism, or reduced penetrance/variable 
expressivity), chromosome alterations, 
multifactorial conditions, epigenetic 
disturbances, etc. 

e Therefore, a negative result may lead to a 
false sense of security. 


Genetic counseling: 


e Discuss the types of conditions that are 
included in the panel (recessive and/or 
X-linked), and what criteria have been 
followed to select them. 

e Anticipate possible results, reassuring 
that, in most instances, being a carrier of a 
recessive condition has no effect on the 
carrier’s health. Explain the high 
frequency of carriers in the general 
population. 

e¢ A negative result does not exclude the risk 
of genetic conditions in the offspring. ECS 
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limitations should be exposed and 
discussed. 

e¢ When both members of a couple are 
identified as carriers of a genetic recessive 
condition, or females identified as carriers 
for a X-linked condition, reproduction 
options should be discussed. 

e¢ When incidental findings are a possibility 
(e.g., carrier status has some health 
implications), these should be exposed 
before ECS is performed. 

¢ Being identified as a carrier of a genetic 
condition can still have some emotional 
impact. This should be explored and 
addressed. 

e Since genetic conditions are inherited, other 
family members may benefit from genetic 
counseling and testing. 


Communication skills in genetics 


Taking a family history 


One of the pivotal tools in medical genetics 
and genetic counseling is, beyond any doubt, 
taking a detailed family history in the form of 
a genetic pedigree or family tree. The pedigree 
allows to represent and document a large 
amount of information related to the transmis- 
sion of genetic traits in a family in a graphic 
and intuitive way. In general, it is recom- 
mended to document a minimum of three gen- 
erations for a correct assessment of the family 
history. 

The use of standardized symbology and 
nomenclature is imperative, as described in the 
Standardized Human Pedigree Nomenclature[102]. 
Following these guidelines, the interpretation 
of a pedigree becomes transversal and is not 
user-dependent. A selection of the Standardized 
Human Pedigree Nomenclature relevant in repro- 
ductive genetics is collected in Table 18.2. 

Before collecting a family history, it is 
important to clarify the reason to do so and tell 


C. How to analyze an embryo 


308 18. The role of genetic counseling in the infertile patient 


the patients what to expect from it. It is also 
important to show understanding about 
patient’s not knowing some specific facts. 
There is no unique order to record a family his- 
tory, however the following steps may serve as 


an example (see Fig. 18.2): 


. Ask about your patient’s relevant medical 


history. 


. Proceed by enquiring about their partner 
and offspring. 

. The following step should be asking about 
the patient’s brothers and sisters. 


TABLE 18.2 Selection of relevant pedigree symbols in reproductive genetics, as recommended by the Standardized 


Human Pedigree Nomenclature. 


Symbol description 


Individual 

Affected individual 

Multiple individuals 

Multiple individuals, unknown number, or not stated 
Deceased individual 


Consultant 


Stillbirth 


Pregnancy 


Spontaneous abortion 
Termination of pregnancy 
Relationship 


Relationship lines 


Broken relationships 


Twins 


No children by choice 


Infertility 


Male 


Affected 
7 N 
7S 


Monozygotic 
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Symbol 


1. relationship line 


@©@ tOOoNVOO@ OF 
Oo &Oo? 


Unaffected 


O 


3, sibship line _ | <= 2: line of descent 


Log! 


4, individual's line 


=O 


Dizygotic Trizygotic 


: 


(Continued) 
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TABLE 18.2 (Continued) 


Symbol description 


Adoption 


Possible reproductive scenarios 


Sperm donor 


Ovum donor 


Surrogate only 


Surrogate ovum donor 


Planned adoption 


4. Continue by asking about the siblings’ 

partners and offspring. 

. Ask about the parents of your patient. 

6. Start with one side of the family. Ask about 
siblings first, then about their children, and 
finally about their parents (the patient’s 
grandparents). 

7. Repeat step 6 for the other side of the 
family. 

8. Repeat steps 3—7 with the partner’s family. 


ol 


A selection of important points to cover 


when taking a family history include: 


Out By relative 


0 oo ée 
a 


Medical conditions that may be related to 
the condition (congenital abnormalities, 
intellectual disability, learning difficulties, 
sensorial disabilities, and so on); 

Age at diagnosis; 

Age at death; 

Whether genetic testing has been performed 
and its results; 

Ethnic background; 

Presence of consanguinity in the family; 
History of miscarriages or stillbirths; 
Individuals that died at a young age; 
Fertility issues. 
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FIGURE 18.2 Recommended questioning order when taking a family pedigree. 


Frequent misconceptions about genetics 


Genetics can be complex both to the general 
population and healthcare providers. Regardless, 
everybody is exposed to genetic concepts via the 
media. All this leads to frequent misconceptions 
when discussing genetics [103—108]. 


e An individual’s physical appearance and 
similarity with other family members can 
correlate to their risk of developing a 
condition. For example, taking after the 
affected parent means that the person has 
inherited the genetic condition. 

¢ Conditions that are more common in a 
gender (e.g., breast cancer) can only be 
inherited through an affected person. 

e Ifa condition only affects individuals 
from one gender (despite not being X- 
linked) it will only affect that gender in 
the family. 

e All genetic conditions can be tested for. All 
genetics conditions have a known cause. 

e The identification of a genetic alteration 
means that the individual will definitely 
develop the genetic condition. 

e Misinterpretations of risks: for example, 
falsely believing that a 1 in 2 chance means 
that if a couple already has an affected child, 
a future child will be healthy. 


e There are some common misconceptions 
about some inheritance patterns. For example, 
an individual might think that a gene 
alteration following a dominant inheritance 
pattern may be “stronger” than the unaltered 
copy and, thus will be inherited more easily. 

e Family history may bias the disease and risk 
perceptions. The absence of family history 
may lead to risk underestimation, while 
severely affected individuals may 
overestimate the transmission risk. 


Delivering genetic information 


Regardless of its complexities, there are some 
strategies than can facilitate communication and 
understanding in clinical genetics [109—111]: 


¢ Describe medical or genetic terms, while 
avoiding using too technical concepts. 
Some concepts such as genes and 
chromosomes may be familiar to patients, 
but they may not have a complete 
understanding of their meaning. 

¢ Provide clear and specific information, in an 
ordered manner. 

e Language commonly used in genetics may 
be perceived as emotional and judgmental 
to people who are not familiar with these 
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concepts (such as, faulty or abnormal genes, 
mutation, mental retardation, genetic 
disease, to suffer from, afflicted with, 
normal, and so on). It is better to use altered 
gene, intellectual disability, or genetic 
condition, for example. 

e¢ When finishing an information block, assess 
the patient’s understanding and encourage 
them to ask any questions they may have. 


Giving bad news 


Bad news in reproductive genetics can include 
[112]: 


e Identification of a carrier status (for 
autosomal recessive or X-linked conditions, 
or for chromosomal alterations); 

e The reproduction options available to the 
couple do not meet their expectations. 

¢ Uncertainty following genetic testing (e.g., 
variants of unknown clinical significance for 
which their clinical course may not be 
modified, genetic alterations for which 
preimplantation testing is not available, or 
apparently de novo mutations with the 
possibility of germline mosaicism); 

¢ No embryos available for transfer; 

e All analyzed embryos carry the genetic 
alteration. 


It is never easy to give bad news, regardless of 
the professional’s training or expertise. However, 
there are sensitive ways to give bad news that 
facilitate coping with the news over time: 


e A sensitive and empathic manner is important. 

e The news should be given in person and in 
a direct way. The situation can be prepared 
by using sentences such as “Unfortunately I 
have bad news for you,” “You may not hear 
or remember all that I will tell you,” “I will 
repeat it all later,” or “Please feel free to ask 
questions.” Avoid euphemisms and false 
reassuring sentences such as “Next time 
things may be different,” “You are still 
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young,” or “I know how you feel.” While 
these expressions come out of good 
intention, patients may find them annoying 
and upsetting. 

e Silence enables individuals to process the 
news and respond when they feel ready. 

e Emotional reactions are normal and should 
be allowed and encouraged. These can take 
the form of distress, blankness, or denial. 

¢ Individuals may appear to be paying 
attention to information given after being 
given bad news. However, they might just 
be shocked or blocked. Written information 
and ways to recontact should be provided. 

¢ Some coping mechanisms include 
responding in an intellectual way, while 
blocking underlying emotions. These should 
be explored. 

e Discussing what will come after the current 
situation is helpful. Detailing a future plan 
and providing ongoing support in the 
interim should always be offered. 

e A plan should be put in place for the next 
contact and provision of ongoing support in 
the interim, if necessary. 

e Encourage a second person, such as their 
partner, a close friend, or a family member, 
to be present, if appropriate. 


Talking about risks 


Discussing genetics usually involves discus- 
sion about different types of risk. The term 
“risk” may carry a negative connotation and 
sometimes “chance” or “probability” may be a 
more appropriate term. Many people find the 
concepts chance or risk confusing and difficult 
to understand. Sometimes, individuals may 
think that a risk gives certainty of an event 
happening, rather than its likelihood [112,113]. 

There are some common misconceptions 
about risks or chances. First, risk figures can be 
misunderstood as excluding options. For exam- 
ple, a one in four chance can be interpreted as 
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meaning once a child is affected, the following 
three will not inherit the condition. On the con- 
trary, an individual or couple who have experi- 
enced an unlikely event can feel susceptible to 
the event and find it difficult to be reassured 
that the event is unlikely to happen again [114]. 

Risk perception varies greatly between indi- 
viduals. The same figure may appear 
unacceptable to some, while acceptable to 
others. For this reason, it is important to 
explore the individual’s reactions and percep- 
tion to a risk assessment. It is also useful to 
present figures in different ways [115]: 


¢ Giving a fraction with it is equivalent 
percentage. For example, a 1 in 4 chance is 
equivalent to a 25% chance. 

¢ Compare the figure with that observed in 
the general population. For instance, a 
BRCAI carrier has a life-time risk of 
developing breast cancer of 60%—80%, as 
opposed to the 10% of women from the 
general population. 

¢ Comparison to other individuals with the 
same test result. For example, of 100 couples 
with this result, two will have an affected 
child, whereas the other 98 will have a child 
without the condition. 

¢ Give relative risks. For example, “Your risk 
has increased threefold.” 
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